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Abstract 
Northern Afghanistan is considered to have the highest potential of hydrocarbons in 
Afghanistan. Amu Darya is a proven petroleum basin located in the northwest of 
Afghanistan. It is an extended basin stretched between northern Afghanistan, Turkmenistan, 
Uzbekistan, Tajikistan and a small part of Iran. This research was conducted to establish or 
estimate Jurassic-Cretaceous petroleum system in the Amu Darya Basin, northern 
Afghanistan. The research was conducted through geochemical analysis of crude oil samples 
and numerical simulation. 
Oil samples obtained from two discovered hydrocarbon fields of Angot and Kashkari were 
analysed. Physical properties, light hydrocarbons, biomarkers and carbon isotopic 
compositions of the oils were examined. The main objectives of the geochemical analysis of 
the oils were to determine the origin of oil and the depositional environment of source 
rocks in the Amu Darya Basin, northern Afghanistan. 
Physical properties of the Angot and Kashkari oils are indicative of the presence of medium 
to heavy oils with crude oil base between naphthene and paraffin in the Amu Darya Basin, 
northern Afghanistan. The concentrations of n-alkanes and isoprenoids suggest that the oils 
in the study area originated from marine organic matter deposited in reducing environment. 
In addition, the results show that the oils were expelled from source rocks in the early stage 
of oil generation. The analysis does not report any sign of oil biodegradation. The results 
also show that the oils were generated from carbonate source rocks. The geological 
information and stable carbon isotopic composition of saturated hydrocarbon propose that 
the oils were generated in Jurassic period. 
One-dimensional basin modeling study was conducted along a cross section in the Amu 
Darya Basin, northern Afghanistan. The study was carried out based on the geological and 
hydrocarbon production data collected from five hydrocarbon fields in the northern 
Afghanistan. The hydrocarbon fields include: Jangal-e-Kalan, Yatimtaq, Khwaja Gogerdak 
and Khwaja Bulan gas fields and Angot oil field in the Amu Darya Basin, northern 
Afghanistan. The one-dimensional models were constructed for a total of eight wells 
including five actual wells and three pseudo wells. The data in the actual wells were utilized 
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to calibrate some of the modeling parameters. While, the three pseudo wells were placed in 
the synclines assuming the potential kitchen areas for the hydrocarbon fields located along 
the cross section. The burial and thermal histories of the modeling locations were 
reconstructed in order to simulate hydrocarbon generation and expulsion in the study area. 
The core objectives of the study were to assess the maturity of the Lower and Middle 
Jurassic source rocks in different parts of the basin, determine kitchen areas for discovered 
hydrocarbon fields located in the study area and identify timing and volume of hydrocarbon 
generation and expulsion in the Amu Darya Basin, northern Afghanistan. 
The principle findings of the basin modeling recommend that the Lower and Middle Jurassic 
source rocks are characterized with different degree of maturity in various parts of the Amu 
Darya Basin, northern Afghanistan. It was found that northwest syncline (pseudo well-1) 
exhibits highest degree of maturity in the modelled pseudo wells. Source rocks at this 
location (pseudo well-1) has reached gas generation window in cretaceous time. The source 
rocks have been producing gas till present. The modeling results suggest that this syncline 
(pseudo well-1) is the source of the neighbouring gas fields. The source rocks at the 
southeast syncline (pseudo well-3) are now at the peak to late oil window which is expelling 
oil. These findings suggest that this syncline (pseudo well-3) is the source of the Angot oil 
field located in the vicinity of this syncline. It was found that source rocks at the middle 
syncline (pseudo well-2) are in the late oil window. But this syncline (pseudo well-2) has 
experienced uplifting since Paleogene time prior to the timing of trap formation (Neogene 
time) in the Afghan side of the Amu Darya Basin. Therefore, it was concluded that the 
hydrocarbons expelled from the source rocks at this location were not accumulated. 
The one-dimensional basin modeling study was followed by pseudo two-dimensional 
modeling. The study was carried out to integrate the 1D modeling results along the cross 
section, construct paleo-sections in different geological ages and determine the burial and 
thermal histories of sediments. The principle objective of the study was to obtain 
information about the migration routes of hydrocarbons from the source rocks to reservoir 
rocks. It was also intended to specify areas for further detailed exploration activities in the 
Amu Darya Basin, northern Afghanistan. 
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The pseudo 2D modeling illustrates the deposition of sediments, trap formation and 
maturity of the source rocks in different geological ages in the Afghan side of the Amu Darya 
Basin. In addition, it suggests hydrocarbon migration pathways from the Lower and Middle 
Jurassic source rocks to the Jurassic and Cretaceous reservoir rocks. Furthermore, it 
suggests areas with possible hydrocarbon accumulations for further exploration activities in 
the Amu Darya Basin, northern Afghanistan. 
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Chapter 1 Introduction 
1. 1 Introduction 
Hydrocarbons are considered main and more economic source of energy in the world. It 
meets 84% of the world energy demand (Mawdsley and Espey, 2011). The exploration and 
production activities for the remaining hydrocarbon resources in the world have been 
complicated due to complex reservoir structures. Hence, comprehensive knowledge about 
the generation potential of source rocks is required to successfully explore hydrocarbons 
(McCarthy et al., 2011). Petroleum geochemistry provides essential information about 
different factors related to hydrocarbon generation, expulsion, migration and accumulation 
(Peters and Fowler, 2002). In addition, it is playing important role to assess the organic 
richness and maturity of source rocks (McCarthy et al., 2011). Quantitative analysis of 
petroleum geochemistry provides volumetric information which can be used to 
economically assess hydrocarbon resources (Magoon and Schmoker, 2000). 
In order to reduce investment risk, it is essential to ensure the presence, volume and type of 
hydrocarbons in a prospective structure before drilling. Seismic interpretations help to 
identify subsurface traps but it cannot provide information about trap content. Similarly, 
drilling on a geological structure in the neighbouring of a producing field cannot guarantee 
the presence of hydrocarbons. Considering these limitations, geologist proposed a concept 
which connects the past and present of a sedimentary basin. It was focused to 
quantitatively model various processes such as basin formation, deformation, filling and 
sediment compaction known as basin modeling (Al-Hajeri et al., 2009). 
Basin modeling is widely applied in petroleum industry to reconstruct the evolution of a 
sedimentary basin. Lithological and physical properties of the deposits are used to predict 
subsurface pressure and temperature (Kuhn et al., 2013). It is an effective tool to access the 
dynamics of a basin and fluids in order to assess hydrocarbon generation potential of a 
basin (Al-Hajeri et al., 2009). The generation and expulsion mechanism of hydrocarbon 
varies in different basins due to various geological processes and factors such as 
sedimentary facies, burial history and tectonics (McCarthy et al., 2011). Basin modeling an 
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integrative exploration tool can be effectively utilized to identify the presence of an active 
petroleum system in a basin (Olajide and Bend, 2014). 
There are five major sedimentary basins in Afghanistan including Amu Darya, Afghan-Tajik, 
Katawaz, Helmand and Herat (Tirpul) Basins. The Amu Darya and Afghan-Tajik are proven 
petroleum basins located in the northern Afghanistan. The remaining three basins are 
probable basins located in the southern and western Afghanistan (Ghiasi, 2008). It is worth 
mentioning that Kushka Basin is the extended part of the Amu Darya Basin. The following 
figure shows the sedimentary basins in Afghanistan. 
 
Fig. 1.1 The general locations of sedimentary basins in Afghanistan (from: MoM, n. d.). 
Northern Afghanistan is considered to have the highest potential of hydrocarbon resources 
in Afghanistan (Klett et al., 2006b). The employment of modern exploration techniques can 
play essential role to discover a large number of new hydrocarbon fields in the northern 
Afghanistan (Carstens, 2009). As a result of investigations in north and northwest of 
Afghanistan, 500 tectonic structures reasonable for the accumulation of hydrocarbons have 
been identified. Though, drillings have been carried out in only 67 structures (Ghiasi, 2008). 
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The presences of approximately 75 million barrels recoverable oil and 5 trillion cubic feet 
recoverable gas have been estimated in the Amu Darya Basin, northern Afghanistan (Ishaq 
and Farooqui, 2012). 
1. 2 Motivation 
Hydrocarbon resources in Afghanistan have been identified long time ago (Klett et al., 
2006b). Due to remoteness of the area and limitation of the prospective of large economical 
deposits, the exploration activities have been conducted in some specific areas (Kingston 
and Clarke, 1995). Little geological and geochemical data is available about the hydrocarbon 
fields in the northern Afghanistan. Most of the geological data is not digital and available in 
Russian and vernacular languages. Therefore, the applicability and accuracy of employed 
data need to be precisely considered. In addition, access to source rocks and large number 
of hydrocarbon samples are restricted due to security reasons and access problem to the 
discovered hydrocarbon fields in the northern Afghanistan. 
There is no recent research conducted to quantitatively assess the origin of hydrocarbon 
and the depositional environment of source rocks in the Afghan side of the Amu Darya Basin. 
Similarly, the area is lacking basin modeling studies. The burial and thermal histories of the 
sediments are poorly understood. United States Geological Survey (USGS) conducted a one-
dimensional basin modeling study (Klett et al., 2006b). However, the study was 
concentrated on the Paleogene petroleum system of the Afghan side of the Afghan-Tajik 
Basin located in the neighbouring of the Amu Darya Basin. Considering limitations and 
problems encountered during the research, all the necessary measurements were taken in 
order to successfully achieve the principle objectives of this study. 
It is well known that the development of a country and standardizing the living condition is 
related to the availability of energy. Developing and strengthening energy sector, especially 
investment on hydrocarbon resources in Afghanistan can play prominent role to meet 
energy demand and reduce economic challenges (Klett et al., 2006b). The current study can 
help understand petroleum system and explore the Afghan side of Amu Darya Basin. The 
results can be effectively applied to identify areas for further detailed investigations and 
discover new hydrocarbon fields in Afghanistan.  
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This study was conducted through experimental work and numerical simulation. It was 
focused on the Jurassic-Cretaceous petroleum system in the Amu Darya Basin, northern 
Afghanistan. Crude oil samples and required data were collected through two research trips 
to northern Afghanistan in 2015 and 2016. The oils were analysed to identify the origin of oil 
and the depositional environment of source rocks in the Amu Darya Basin, northern 
Afghanistan. One-dimensional basin modeling study was conducted to assess the maturity 
of the Lower and Middle Jurassic source rocks. It was aimed to identify kitchen areas and 
timing and volume of hydrocarbon generation and expulsion in the study area. The 1D basin 
modeling study was followed by a pseudo 2D modeling. The pseudo 2D modeling was 
conducted to combine the 1D modeling results of different modelled locations in the study 
area. Construct paleo-sections in different geological ages and determine the burial and 
thermal histories of sediments. The main objective of the pseudo 2D modeling was to obtain 
information about hydrocarbon migration from the Lower and Middle Jurassic source rocks 
to reservoir rocks. In addition, it was aimed to identify promising areas for further 
exploration activities in the Amu Darya Basin, northern Afghanistan. 
1. 3 Review of chapters 
This section provides a brief introduction to the following chapters of the thesis. Chapter 
two is theoretical background about the importance and implication of geochemical 
characterization and basin modeling in the exploration of hydrocarbon. In addition, it 
includes information about different chemical compounds such as light hydrocarbons, 
biomarkers and carbon isotopes used to determine the origin of oil and the depositional 
environment of source rocks. Chapter three summarizes geological and tectonic setting of 
the Amu Darya Basin, northern Afghanistan. It includes information about the generalized 
stratigraphy and lithology of the area. Chapter four provides information about the 
estimation of hydrocarbon source rocks employing crude oils geochemistry in the Amu 
Darya Basin, northern Afghanistan.  This chapter provides information in regards to the 
origin of oil and the depositional environment of the source rocks based on geochemical 
analyses of the Angot and Kashkari oils. 
Chapter five provides information about the one-dimensional basin modeling study 
conducted in the Amu Darya Basin, northern Afghanistan. It assesses hydrocarbon 
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generation and expulsion potential of the Lower and Middle Jurassic source rocks in 
different parts of the basin. In addition, it includes information about the kitchen areas for 
the discovered hydrocarbon fields located along a published cross section (Klett et al., 
2006b). Chapter six summarizes the results obtained from the pseudo 2D modeling in the 
Afghan side of the Amu Darya Basin. It provides information about paleo-sections, maturity 
of the source rocks in different geological ages and migration of hydrocarbons from the 
source rocks to reservoir rocks in the study area. Chapter seven summarizes the main 
findings of this study. In addition, it provides recommendations for conducting further 
research in the Amu Darya Basin, northern Afghanistan. The end of this chapter includes a 
list of references and appendices. Appendix A lists journal papers published during 
completing this study. Appendix B includes BSS default and specified parameters used by 
BSS software for constructing the one-dimensional basin models. 
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Chapter 2 Theoretical background 
This chapter provides information about the implication of geochemical characterization of 
hydrocarbons and basin modeling in the exploration of hydrocarbons. It includes 
information about the usage of petroleum geochemistry and various chemical compounds 
for determining the origin of hydrocarbon and estimating depositional environment of 
source rocks. In addition, it describes petroleum system and the applicability of basin 
modeling in efficient hydrocarbon exploration. 
2. 1 Petroleum geochemistry 
Petroleum geochemistry considers the geological evolution of various materials that result 
in the formation of sedimentary rocks. Different geochemical tools are used to determine 
various processes such as thermal history of a basin and fluid, hydrocarbon production and 
migration (Huc, 2003). Petroleum geochemistry is widely applicable in various stages of 
hydrocarbon exploration. Though, the application of geochemical characterization for the 
exploration of hydrocarbons is still underestimated in petroleum industry. Previously it was 
focused to use geochemical analyses for assessing generation and migration of 
hydrocarbons. While, recently it is concentrated to correlate oil-oil or oil-source rocks. 
Geochemical methods can be used to assess petroleum reservoirs both qualitatively and 
quantitatively (Sharma and Chaturvedi, 2014). 
Identifying the origin of organic compounds in nature is still a complicated task. The concept 
of using organic compounds is now an acceptable and widely used for identifying processes 
and events occur in nature. Concentrations of organic compounds in sediments can provide 
information about source and depositional environment (Gonzalez-Vila, 1995). 
There are different factors that control composition of crude oils. These factors include 
depositional environment, type of source rocks, maturity of source rocks, generation, 
migration, biodegradation and natural weathering. In addition, concentration of various 
chemical compositions can change naturally with time. For example, concentration of n-
alkanes, iso-alkanes, cyclic-alkanes, relative ratio of isoprenoid to n-alkanes and alkylated 
polynuclear aromatic hydrocarbons experience time-related changes. Similarly, 
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biodegradation of crude oil decrease the concentration of light hydrocarbons, while 
increase the concentration of biomarkers in oils (Ashton et al., 2000).  
2. 1. 1 Light hydrocarbons in crude oil 
Light hydrocarbons play important role while categorizing sediments and crude oils. They 
are used to obtain information about thermal history, maturity and biodegradation of oils. 
Astafev et al. (1973 cited by Thompson, 1983) found that the ratio of n-butane to isobutane 
in petroleum associated gases obtain higher values while increasing temperature of a 
sedimentary layer. Thompson (1979 cited by Thompson, 1983) used heptane and 
isoheptane indices to assess the paraffinicity of crude oils. In addition, Philippi (1975 cited 
by Thompson, 1983) reported that the paraffinicity of light hydrocarbon obtained from 
California basins increases with increasing depth and temperature of sedimentary layers. 
Thompson (1983) analysed 76 oil samples and used heptane and isoheptane values to 
distinguish between normal, mature, supermature and biodegraded oils. He used heptane 
and isoheptane value ranges of 18 to 22 and 0.8 to 1.2 for normal oils, 22 to 30 and 1.2 to 
2.0 for mature oils, 30 to 60 and 2.0 to 4.0 for supermature oils, and 0 to 18 and 0 to 0.8 for 
biodegraded oils, respectively. It can be observed that supermature oil possesses the 
highest heptane and isoheptane values (Thompson, 1983).  
2. 1. 2 Biomarkers in crude oil 
Biomarkers are inherited from formally living organisms decomposed to crude oils (Wang et 
al., 2004). These chemical compounds are preserved in the sediments with their original 
carbon skeleton remains undamaged (Gonzalez-Vila, 1995). Biomarkers are universal 
compound chemical molecules found in crude oil and petroleum products. They accept 
slight alteration due to biodegradation and natural weathering (Ashton et al., 2000). 
Biomarkers can accept small scale compositional alteration as a result of microbial activity in 
water and recent sediments or due to diagenesis in ancient sediments (Gonzalez-Vila, 1995). 
Generally, biomarkers are divided into two main categories including aliphatic and aromatic 
(Wang et al., 2004). Some examples of relatively environmental resistant biomarkers are 
pristanes, phytanes, triterpanes, steranes and porphyrins (Moustafa and Morsi, 2012). 
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The concept of biomarker was first used by Trebs (1934 cited by Moustafa and Morsi, 2012). 
He identified porphyrins in crude oil and suggested that these compounds are derived from 
chlorophyll of plants. In addition, Blumer et al. (1963 cited by Moustafa and Morsi, 2012) 
and Blumer & Thomas (1965 cited by Moustafa and Morsi, 2012) separated pristane from 
marine sediments. They argued that pristane is derived from the phytol side chain of 
chlorophyll. Pristane (2,6,10,14- tetramethyl pentadecane) and phytane (2,6,10,14- 
tetramethyl hexadecane) are predominantly derived from phytol under oxidizing and 
reducing conditions, respectively (Moustafa and Morsi, 2012). Biomarkers can be used to 
distinguish between different depositional environments, determine the maturation degree 
of crude oil and correlate oil to their parent organic matter (Ashton et al., 2000). 
Normal alkanes are abundantly found chemical compounds in saturated hydrocarbon. They 
are characterized with excellent preservation nature, thus can be regarded as biomarkers 
(Gonzalez-Vila, 1995). The distribution of n-alkanes in crude oil can be used to identify 
source of organic matter. For instance, the dominance of n-C15 to n-C20 hydrocarbons in 
crude oil represents marine organic matter derived from algae and plankton (Moustafa and 
Morsi, 2012). Strong prevalence of high molecular weight odd numbered alkanes (n-C27, n-
C29 and n-C31) in crude oil represents terrigenous input of organic matter. On the contrary, 
the abundance of low molecular weight n-alkanes with no dominance of odd or even chain 
length represents marine algae (Gonzalez-Vila, 1995). Uniform pattern of n-alkane 
concentration in crude oil samples illustrates that the oils were derived from same source 
having similar history. In addition, it is a sign that the oils are not biodegraded (Moustafa 
and Morsi, 2012). Distribution of n-alkanes is affected by maturity and biodegradation of oil. 
For instance, prevalence of odd/even or even/odd n-alkanes decreases with increasing the 
maturity of oil. Sometime n-alkanes are removed from crude oil in order to increase the 
concentration of more complex biomarkers such as branched and cyclic alkanes (Gonzalez-
Vila, 1995). 
Carbon Preference Index (CPI) is ratio of the sum of odd carbon-numbered alkanes to the 
sum of even carbon-numbered alkanes. CPI value is influenced by source and maturity of 
crude oil (Moustafa and Morsi, 2012). Basically, there are two formulas used for calculating 
CPI. The original formula of Bray and Evans (1961 cited by Marzi et al., 1993) and Cooper 
and Bray (1963 cited by Marzi et al., 1993) includes n-alkanes with carbon number ranges 
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from C24 to C34. It includes a large range of odd-number and even-number carbons i.e. five 
odd n-alkanes. It can help reduce mathematical error (due to unsatisfying averaging) in 
contrast to using a shorter chain of odd n-alkanes (Marzi et al., 1993). Similarly, 
isopreniods/n-alkanes (Pr/n-C17 and Ph/n-C18) are useful indicators of maturity and 
biodegradation. Isopreniods are more resistance to biodegradation in relation to n-alkanes. 
Therefore, Pr/n-C17 ratio can provide rough estimation of biodegradation state of 
hydrocarbon (Moustafa and Morsi, 2012). 
Homohopane index can be used to identify the type of an organic matter and differentiate 
oxic and anoxic conditions during and soon after the deposition of organic matter. Oxic 
condition is represented by high C35 homohopane concentration, whereas low 
concentration of C35 homohopane suggests highly reducing marine environment (Moustafa 
and Morsi, 2012). 
Steranes with different carbon numbers including 21, 22 and 26 to 30 are found in oils and 
source rocks extracts. These high molecular weight steranes are derived from sterols found 
in different types of organisms. Though, there is possibility that C21 and C22 steranes can be 
produced as a result of side-chain cleavage of C26 – C30 steranes. Sterols are naturally 
converted to steranes without any change in the number of their carbon atoms. Thus, 
number of carbon atoms in steranes well represents number of carbon atoms in sterols of 
the original organisms. It is found that C28/C29 sterane ratio obtain different values while 
changing age of sediments. For example, Lower Palaeozoic and older oil is characterized 
with a value of less than 0.5. On the other hand, an Upper Palaeozoic to Lower Jurassic oil is 
differentiated with a C28/C29 sterane ratio ranges from 0.4 to 0.7 (Grantham and Wakefield, 
1988). 
Distribution of steranes in crude oil can be used to determine the source of organic matter. 
For example, high concentrations of C27, C28 and C29 steranes in oil represent sediments that 
are derived from a mixture of marine and terrestrial environments. On the contrary, 
relatively higher concentrations of C27 steranes and relatively low concentrations of C28 and 
C29 steranes suggest marine depositional environment. Some studies show that chemical 
composition of terpanes and steranes can be slightly affected due to severe microbial 
degradation (Moustafa and Morsi, 2012). 
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Some unique types of biomarkers containing geologically rare acyclic alkanes are found in 
certain type of crude oils. These rare biomarkers can provide additional distinct information 
about the original organic matter. For instance, botryococcane (C34H70) a geologically rare 
acyclic alkane was used to discover a new type of Australian none-marine oil. Botryococcane 
in crude oil represents the remaining of Botryococcus braunii algae in source rocks (Wang et 
al., 2004). 
Complex chemical nature and likely low concentration of biomarkers makes it difficult to be 
easily detected. Therefore, it is required to employ powerful and precise analytical 
equipment for analysis. A combination of various analytical methods can be used to 
accurately detect and quantify the concentration of biomarkers. Gas chromatography mass 
spectrometry is a powerful tool widely used for identifying biomarkers (Moustafa and Morsi, 
2012).  
2. 1. 3 Stable carbon isotopic composition of crude oil  
Carbon isotopic composition of hydrocarbon is considered an important tool for 
determining origin, maturity, generation and migration of hydrocarbon. Concentration of 
stable carbon isotopes (13C) in hydrocarbon is dependent on the amount of carbon in 
original organic matter. In addition, it is affected by fractionation processes during and after 
the formation of carbon isotopes. Stable carbon isotope ratio (δ13C) can be used to conduct 
oil-oil and oil-source rocks correlation. Oil-oil correlation is used for differentiating between 
various types of oil. On the other hand, oil-source rock correlation is employed to assess 
their genetic relationship. Value of stable carbon isotope ratio in crude oil is slightly affected 
by various processes such generation, migration, maturity and biodegradation of oil (Fuex, 
1977). 
There is a strong relationship between δ13C value and boiling temperature of petroleum 
distillation fractions. Therefore, it is preferred to remove light and isotopically variable 
hydrocarbon from analytical samples through boiling below about 60°C. Most of light and 
diagenetic components are separated at the aforementioned temperature. The diagenetic 
molecules are generated due to different chemical processes such as decomposition and 
polymerization. The concentration of diagenetic molecules in crude oil increases at 
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temperatures below 350°C and above 500°C. Therefore, hydrocarbon with boiling 
temperature between 350°C and 500°C are more suitable for the analysis of carbon isotopic 
composition (Fuex, 1977). 
Accurate geochemical spectrometry analysis can determine small scale difference in stable 
carbon isotope ratio. In order to assure the accuracy of results, the resulting carbon isotopic 
data have to be interpreted in association with other geological and geochemical 
information (Fuex, 1977). 
2. 2 Basin modeling 
Basin and petroleum system modeling is accepted as one of reliable tool for exploring a 
sedimentary basin. Basin modeling is applied to assess the evolution of a basin and evaluate 
the presence of an active petroleum system in a basin (Olajide and Bend, 2014). Successful 
exploration of a petroleum basin involves different stages including the investigation of 
sedimentary basin, petroleum system, plays and prospective (Magoon and Dow, 1994). The 
following table summarizes these four levels of investigation conducted for exploration of 
hydrocarbon. 
Table 2.1 Comparison between four levels of petroleum investigation (from: Magoon and 
Dow, 1994). 
Factor Sedimentary basin Petroleum system Play Prospect 
Investigation Sedimentary rocks Petroleum Traps Trap 
Economics None None Essential Essential 
Geologic time Time of deposition Critical moment Present-day Present-day 
Existence Absolute Absolute Conditional Conditional 
Cost Very low Low High Very high 
Analysis and modeling Basin System Play Prospect 
2. 2. 1 Introduction to petroleum system 
The term ‘oil system’ was introduced by Dow (1974), whereas the term ‘petroleum system’ 
was first used by Perrodon (1980) (Magoon and Schmoker, 2000). It is well known that 
petroleum exploration in today’s world is one of complicated and expensive practices. 
Current exploration methods and activities in petroleum industry are considered inadequate 
to overcome complex problems and challenges encountered during hydrocarbon 
exploration (Olajide and Bend, 2014). Establishment of petroleum system in a basin can help 
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to understand all processes occurring in a sedimentary basin from production to 
accumulation of hydrocarbon. It can play important role to identify appropriate areas for 
concentrating exploration and discovering new hydrocarbon fields (Magoon and Schmoker, 
2000). 
Petroleum system is composed of different elements and processes (Magoon and Dow, 
1994). Petroleum source rocks, reservoir rocks, seals and overburden rocks are elements of 
a petroleum system (Magoon and Schmoker, 2000 and Smith, 2011). Hydrocarbon 
generation, migration, accumulation and trap formation are the processes of a petroleum 
system (Magoon and Schmoker, 2000 and Smith, 2011).  
2. 2. 2 Source rocks 
Source rock is an important element of a petroleum system (McCarthy et al., 2011). Source 
rocks are the deposition of organic rich rocks deposited as a result of complex biological 
processes. Source rocks need to undergo necessary temperature and pressure for a specific 
period of time. It allows source rocks to reach maturation and enable them to generate 
hydrocarbon (Nordeng, 2012). A pod of active source rocks is a volume of source rocks 
which generate hydrocarbon at critical moment and is the source of genetically related 
hydrocarbon resources in a petroleum system (Magoon and Schmoker, 2000). Hydrocarbons 
are expelled from source rocks when adequate amounts of hydrocarbons are generated 
inside source rocks (Nordeng, 2012). 
Amount of organic matter in source rocks is controlled by various processes in the 
depositional environment. Organic matter can be hydrogen poor derived from plants and 
woody fragments or hydrogen rich originated from algae and bacteria. Anoxic or oxygen-
depleted conditions provide suitable environment for conservation of organic matter. 
Hydrocarbon generation capability of source rocks is related to different factors such as 
areal extent, volume, thickness, thermal maturity, organic richness and pressure (McCarthy 
et al., 2011). 
In shallow depth, organic matter is generally reworked by microbial activity generating 
biogenic gas. While, in greater depths burial pressure and increasing temperature are 
dominant factors for the generation of hydrocarbon. At higher pressure and temperature 
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organic matter is converted to insoluble organic matter called kerogen. Kerogen produces 
oil followed by generation of gas (McCarthy et al., 2011). 
Kerogen is classified into four types considering the amount of carbon, hydrogen, oxygen 
and type of maceral. Kerogen type-I is mainly produced in lacustrine and sometimes marine 
environments. It is derived from algae and planktons and other organic matter severely 
decomposed by bacteria and microorganism. It is rich in hydrogen and contain low amount 
of oxygen. This type of kerogen is principally oil prone. Kerogen type-II is formed in reducing 
and moderately deep marine environment. It is rich in hydrogen and derived from planktons 
decomposed by bacteria. This type of kerogen is both oil and gas prone. Kerogen type-III is 
formed in shallow to deep marine and non-marine environments. It is predominantly 
derived from the remaining of buried terrigenous plants. It has smaller amount of hydrogen 
and larger amount of oxygen compared to kerogens type-I and type-II. It is mostly 
generating gas. Kerogen type-IV is derived from organic matter in ancient sediments. It is 
decomposed by weathering, biological and chemical processes prior to final deposition. It 
contains small amount of hydrogen, large amount of dead carbon and cannot produce 
hydrocarbon (McCarthy et al., 2011). The Van Krevelen diagram shown in the following 
figure illustrates these four types of kerogen. 
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Fig. 2.1 Kerogen maturation. A modified Van Krevelen diagram shows changes to kerogen 
brought on by increased heat during burial (from: McCarthy et al., 2011).
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Chapter 3 Geological overview of the Amu Darya Basin, northern Afghanistan 
This chapter provides an overview about geological and tectonic setting of the Amu Darya 
Basin, northern Afghanistan. It includes information about the generalized stratigraphy, 
lithology, hydrocarbon occurrence and petroleum system in the northern Afghanistan. 
3. 1 Geological and tectonic overview of the Amu Darya Basin, northern Afghanistan 
Most of geological investigations in Afghanistan were conducted by former Soviet Union 
experts 30 to 40 years ago (Sediqi, 2011). Beside extensive exploration activities conducted 
during 1957s to 1984s, the Afghan side of the Amu Darya Basin is considered unexplored 
(Carstens, 2009). As a result of different exploration activities, five hundred geological 
structures have been identified in the north and northwest of Afghanistan. Though, deep 
drillings were carried out only in 67 structures (Ghiasi, 2008). The Amu Darya Basin is a large 
sedimentary basin located in southeast Turkmenistan, southwest Uzbekistan, northwest 
Afghanistan and a small part of Iran (Klett et al., 2006a). The figure below illustrates the 
locations of the Amu Darya and Afghan-Tajik Basins. 
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Fig. 3.1 Amu Darya and Afghan-Tajik Basins (from: Gustavson Associates, 2012). 
The Amu Darya and Afghan-Tajik Basins have undergone numerous tectonic events in the 
past. Rocks in these two basins illustrate evidence of tectonic activities of the Tethys region. 
The area records a complex pre-Jurassic tectonic history. Early Jurassic to begging of Middle 
Jurassic extension occurred in the area. In Late Jurassic to Early Cretaceous, marine 
transgression happened as a result of formation of island arcs, passive margins and post-rift 
sags. During Late Cretaceous to Early Paleogene movement of micro continents took place 
in the Neotethys Ocean. In Cenozoic period the area experienced compression due to 
closing of the Neotethys Ocean and collision of continents and micro continents (Klett et al., 
2006b). 
The Amu Darya and Afghan-Tajik Basins were parts of a single sedimentary basin before 
Neogene time. As a result of tectonic activities in Neogene time, the south part of the basin 
was uplifted. Whereas, the north part of the basin was divided into Amu Darya and Afghan-
Tajik Basins. These two basins are separated by a southwest Gissar meganticline and spur. 
Both basins have similar pre-Neogene geological history. Little information is available about 
the pre-Neogene history and tectonic structures of the basins. Most of the geological 
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structures and hydrocarbon traps were formed in the Neogene time (Klett et al., 2006b). 
While, hydrocarbon generation and migration started in Late Cretaceous (Carstens, 2009). 
Main tectonic structures in the northern Afghanistan and adjacent countries are Murghab 
depression, Obruchev depression, North Karabil-Dauletabad depression, Andkhoy uplift, 
Akhchin step, Sheberghan block, Maimana step, Badkhyz-Karabil uplift and Repetek zone 
(Klett et al., 2006b). The following figure demonstrates present-day tectonic structures in 
the northern Afghanistan and the neighbouring countries. 
 
Fig. 3.2 Map showing principal present-day structural elements in the northern Afghanistan 
(from: Klett et al., 2006b). 
A joint study was conducted by United States Geological Survey (USGS) and Afghanistan 
Ministry of Mines and Industry in 2006. It was focused to assess the undiscovered 
technically recoverable conventional petroleum resources in the northern Afghanistan. It 
was aimed to determine the mean volume of undiscovered petroleum resources in the area. 
Geological, geophysical and geochemical information were used to conduct the study. A 
number of different factors such as quality of reservoir rocks, presence and maturity of 
source rocks and hydrocarbon migration were considered to identify petroleum systems. 
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Four total petroleum systems were identified in the area namely Amu Darya Jurassic-
Cretaceous petroleum system, Kalaimor-Kaisar Jurassic petroleum system, Afghan-Tajik 
Jurassic petroleum system and Afghan-Tajik Paleogene petroleum system (Klett et al., 
2006a). These petroleum systems are shown in the following figure. 
 
Fig. 3.3 Satellite image showing petroleum systems in the northern Afghanistan. Amu Darya 
Jurassic-Cretaceous (115401), Kalaimor-Kaisar Jurassic (115402), Afghan-Tajik Jurassic 
(115601) and Afghan-Tajik Paleogene (115602) (from: Klett et al., 2006a). 
It was found that most of undiscovered gas resources are located in the Amu Darya Basin. 
While, most of undiscovered crude oil resources are located in the Afghan-Tajik Basin. The 
presence of 1,596 million barrels crude oil, 15,687 billion cubic feet natural gas and 562 
million barrels natural gas liquid was estimated in the northern Afghanistan (Klett et al., 
2006a). 
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3. 2 General stratigraphy of the Amu Darya Basin, northern Afghanistan 
Basement rocks in the northern Afghanistan are composed of pre-Jurassic igneous and 
metamorphic rocks (Brookfield and Hashmat, 2001). Basement rocks in the Amu Darya and 
Afghan-Tajik Basins are mainly composed of schist, quartzite, volcanic rocks and highly 
metamorphic rocks including gneiss. It has a fault-block structure where faults are extended 
to sedimentary cover. Different uplifts and subsidence can be observed in various parts of 
the basins (Klett et al., 2006b). 
Jurassic to Paleogene is hydrocarbon bearing sediments overlain by Neogene orogenic 
continental clastics in the northern Afghanistan. Jurassic to Paleogene sediments are divided 
into four groups: Lower to Middle Jurassic continental to paralic clastics, upper Middle to 
Upper Jurassic marine carbonates and evaporites, Lower Cretaceous (Neocomian) 
continental clastics and red beds, and Aptian to Paleogene marine carbonates and clastics 
(Klett et al., 2006b). 
Lower Jurassic is mostly composed of continental and marine clastics, coaly shale and 
volcanics. Middle Jurassic is predominantly composed of clastics (Gustavson Associates, 
2005). Lower and Middle Jurassic and lower part of the Upper Jurassic especially Oxfordian 
anoxic basinal mudstone are source rocks in the Amu Darya Basin. The thickness of the 
source rocks reaches hundreds of meters in deeper parts of the basin while, it is absent in 
the higher altitudes. The amount of total organic carbon (TOC) in the Lower to Middle 
Jurassic coaly mudstone varies from 0.7 to 4.3 weight percent (Klett et al., 2006b). 
Geochemical analysis of oil samples collected from Angot and Kashkari oil fields located in 
the Afghan side of the Amu Darya Basin suggests that oils were generated from marine 
type-II kerogen (Sabawon et al., 2016). In addition, the Lower and Middle Jurassic 
mudstones are rich in humic organic matter and comprise type-III kerogen (Liu et al., 2012). 
The Callovian-Oxfordian carbonates are one of main reservoir rocks in the Amu Darya Basin. 
Kimmeridgian-Tithonian salt named Gaurdak Formation form effective cap rocks in the area 
(Gustavson Associates, 2005). The thickness of the salt layer ranges from 130 to 180 m (Klett 
et al., 2006b). 
Lower cretaceous is mainly composed of marine and lagoonal-continental clastics and 
carbonates. Neocomian is mostly composed of carbonates and shales excluding Hauterivian 
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stage. The Hauterivian sediments are one of main reservoir rocks in the northern 
Afghanistan. It is mainly composed of siltstones, sandstones and conglomerates with 
thickness up to 140 m. Albian and Aptian with thickness up to 670 m are made of 
carbonates and shale with siltstones. Upper Cretaceous is carbonates, shales, siltstones and 
sandstone with thickness up to 1500 m (Kingston, 1990). 
Lower Paleogene is mostly composed of carbonates, evaporites, shales. The Lower 
Paleogene carbonate rocks have formed prominent outcrops in the northern Afghanistan. 
But, these carbonates are buried in Surkhan, Vaksh and Kulyab megasynclines. Upper 
Paleogene reaches thickness up to 610 m is mainly composed of sandy claystones and 
shales. Neogene is mainly coarse clastic deposits which play no role in hydrocarbon 
generation and accumulation in the northern Afghanistan (Kingston, 1990). The following 
figure shows the generalized stratigraphic column of the Amu Darya and Afghan-Tajik Basins. 
21 
 
 
Fig. 3.4 Generalized stratigraphy of the Amu Darya and Afghan-Tajik Basins (after Vadud, 
2011). 
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3. 3 Hydrocarbon occurrence and petroleum system in the Amu Darya Basin, northern 
Afghanistan 
Geological investigations since 1957s in the Afghan side of the Amu Darya Basin have 
resulted in the discovery of six oil and eight gas fields. 75 million barrels recoverable oil and 
5 trillion cubic feet recoverable gas is estimated to be present in the area (Ishaq and 
Farooqui, 2012). It is reported that about 0.2 million barrels oil (Ishaq and Farooqui, 2012) 
and 2 trillion cubic feet gas have been produced so far (Wandrey et al., 2006). 
The Gaurdak salt Formation has divided the sedimentary cover in the northern Afghanistan 
into subsalt and suprasalt layers. Most of hydrocarbon fields in the northern Afghanistan are 
discovered in the Amu Darya Basin. These hydrocarbons have accumulated in different 
tectonic structures such as Akhchin step, Andkhoy uplift, Maimana step and the western 
flank of the North Afghan High (Klett et al., 2006b). 
Reservoir and seal rocks in the northern Afghanistan have been divided into three major 
groups: Upper Jurassic carbonate reservoir rocks sealed by evaporites, Lower Cretaceous 
sandstone reservoir rocks sealed by Aptian and Albian mudstones, and potential Upper 
Cretaceous to Paleocene carbonate reservoir rocks overlain by Paleogene mudstone (Klett 
et al., 2006b). The Amu Darya Basin contains a single Jurassic-Cretaceous petroleum system 
characterized with Jurassic source rocks, Jurassic-Cretaceous reservoir rocks and Jurassic-
Cretaceous cap rocks (Ulmishek, 2004; Klett et al., 2006b and Carstens, 2009). 
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Chapter 4 Estimation of hydrocarbon source rocks employing crude oils 
geochemistry in the Amu Darya Basin, northern Afghanistan 
4. 1 Introduction 
Hydrocarbon fields in the Afghan side of the Amu Darya Basin were visited during a research 
trip in February 2015. Crude oil samples and necessary data including geological and 
geochemical information were collected. The oil samples obtained from Angot and Kashkari 
oil fields were analysed using a range of different geochemical analytical methods. The oils 
were analysed for physical properties, light hydrocarbons, biomarkers and carbon isotopic 
composition. The Main objectives of the investigation were to determine the origin of the 
oils and the depositional environment of source rocks in the Amu Darya Basin, northern 
Afghanistan. 
The following sections of this chapter provide information about sampling and preservation 
procedure of the oils, methodology of the employed laboratory equipment, results, 
discussion and conclusions. 
4. 2 Crude oil sampling and preservation 
A total of three oil samples, two from Angot oil field and one from Kashkari oil field were 
collected and transported to Japan for analysis. The Angot oil samples were collected from 
field in two different times. One sample was obtained from field during the research trip in 
2015. While, the second sample was collected from field in 2011 which was preserved in the 
laboratory of the Northern Directorate of Hydrocarbon Unit in the Sheberghan province. 
The Kashkari oil sample was obtained from field in 2015. The oil samples were collected 
from oil tanks at atmospheric condition in 250 ml polyethylene bottles. The Angot oils were 
produced from Hauterivian sandstone reservoir. On the other hand, the Kashkari oil is a 
mixture of oils produced from Albian, Aptian and Hauterivian sandstone reservoirs. The 
following table summarizes sampling information of the collected oils. 
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Table 4.1 Sampling information of the Angot and Kashkari oils. 
No Sample name Sampling date Amount (ml) Producing layer 
1 Angot 2011 May 2011 250 Hauterivian sandstones 
2 Angot 2015 Feb 2015 250 Hauterivian sandstones 
3 Kashkari 2015 Feb 2015 250 Hauterivian, Aptian and 
Albian sandstones 
The following figure shows the collected oils labelled and preserved in the laboratory for 
analysis. 
 
Fig. 4.1 The Angot and Kashkari oils.  
Centrifuge method was used to remove solids and water content from the oils. Impurities 
were separated from the oils in order to avoid biodegradation and compositional change of 
the samples during storage prior to the analysis. The centrifuge process was conducted at a 
temperature of 40˚C for a period of 60 minutes with a rotation speed of 6500 rounds per 
minute (rpm). The following figure shows the centrifuge. 
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Fig. 4.2 The centrifuge. 
4. 3 Methodology 
This section provides information about the methodology of the laboratory equipment 
employed for analysing the Angot and Kashkari oils. It includes apparatus for determining 
physical properties of the oils, gas chromatography, gas chromatography-mass 
spectrometry, elemental analyser and isotope ratio mass spectrometer. 
4. 3. 1 Equipment used for analysing physical properties of the oil 
A range of different laboratory equipment were used to determine physical properties of 
the Angot and Kashkari oils which include density, API gravity, oiliness, kinematic viscosity@ 
30˚C and 50˚C, UOP characteristic coefficient, crude oil base, carbon residue, sulfur content, 
wax content, pour/cloud point and distillation test. The following sections describe 
methodology of the equipment used for determining the physical properties of the Angot 
and Kashkari oils. 
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4. 3. 1. 1 Density 
The density of the Angot and Kashkari oils was measured using pycnometer and WBC-130 
kinematic viscosity water bath. The oil sample obtained in 25ml pycnometer was heated in 
the kinematic viscosity water bath at 30°C for the period of 20 minutes. The water bath used 
has the capability to heat the sample with temperature ranging from 5˚C to 80˚C. Digital 
scale was used to weigh the sample. The following figure illustrates the equipment used for 
determining the density of the Angot and Kashkari oils. 
 
Fig. 4.3 Kinematic viscosity water bath (a), pycnometer (b) and digital scale (c). 
4. 3. 1. 2 Kinematic viscosity 
Ubbelohde glass capillary viscometer was used to determine the kinematic viscosity of the 
Angot and Kashkari oils. Viscometers are available with different capillary tubes. The type of 
the viscometer is selected based on the type and viscosity of the analytical oil. The size of 
the capillary tube selected so as the analytical fluid travel time in the tube should be in 
between 200 to 1000 seconds. The viscosity of the Angot and Kashkari oils was measured at 
30˚C and 50˚C. The kinematic viscosity water bath was used to heat the sample at 30˚C and 
50˚C for the period of 10 minutes. The following figure illustrates the viscometer used for 
analysing the Angot and Kashkari oils. 
Physical propertis
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Fig. 4.4 Ubbelohde glass capillary viscometer. 
4. 3. 1. 3 Carbon residue content 
ACR-M3 micro carbon residue tester was used to analyse the residual carbon amount of the 
Angot and Kashkari oils. The residual carbon content is proportional to the amount of the 
asphalt content in the oil and the density of the oil. Smaller amount of sample is needed for 
heavy oils, while relatively larger amount of sample is needed for lighter oil in the analysis of 
the carbon residue content. The vaporized fractions of the Angot and Kashkari oils were 
evaporated at 125˚C prior to the analysis. Two measurements were taken for each oil 
sample and then the average was calculated. The carbon residue content of the oil was 
determined by burning the analytical sample at the carbon residue tester where the heating 
program of the oven was: increasing temperature from 0 to 500˚C (in the period of 47 
minutes) ~ 500˚C (15 minutes hold) ~ decreasing temperature from 500 to 0˚C (in the period 
of 40 minutes). The following figure illustrates the carbon residue tester used for analysing 
the Angot and Kashkari oils. 
28 
 
 
Fig. 4.5 Carbon residue tester (a) and analytical sample (b). 
4. 3. 1. 4 Sulfur content 
The Angot and Kashkari oils were analysed using HORIBA Sulfur-in-Oil analyser model SLFA-
2800. The analytical sample was poured into a sample container and a plastic film was 
placed on the top of the container to cover the sample. In order to obtain accurate results, 
the surface of the plastic film needs to be flat. The evaporation of light hydrocarbon from 
the analytical sample may affect the flatness of the plastic film. Therefore, a small hole was 
created in the paper cover on the opposite side of the container for releasing the 
evaporated gas from the sample holder. Two measurements were taken for each sample 
and then the average was calculated. Each measurement time is 5 minutes. The sulfur 
analyser was calibrated using reference material prior to the analysis. The following figure 
illustrates the sulfur analyser and the analytical sample. 
a b
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Fig. 4.6 Sulfur analyser (a) and analytical sample (b). 
4. 3. 1. 5 Pour point 
The MPC-102S pour/cloud point tester was used to determine the pour point of the Angot 
and Kashkari oils. The analytical time of the sample is related to the amount of wax content 
in the oil. The timing of the analysis could range from 20 to 60 minutes. Each sample of the 
Angot and Kashkari oils were analysed in 50 minutes. The following figure illustrates the 
pour/cloud point tester used for analysing the Angot and Kashkari oils. 
 
Fig. 4.7 Pour/cloud point tester. 
a b
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4. 3. 1. 6 Distillation test 
AD-6 automated distillation tester was used to separate hydrocarbon fractions by the 
difference of boiling point in the Angot and Kashkari oils. 100ml of the oil obtained in a glass 
flask was used for the analysis. The distillation process of the oil was started after heating 
the sample at 15˚C for the period of 30 minutes in the distiller. The following figure 
illustrates the distiller used for the analysis of the Angot and Kashkari oils. 
 
Fig. 4.8 Distillation tester. 
4. 3. 2 Gas chromatography 
Chromatography is the separation process of different components of a mixture. The 
components are separated based on the way they partition between a moving and a static 
phase. The chromatography method was first used by Russian botanist who separated green 
leaves pigments using two-phase liquid-solid system. He separated the materials 
responsible for green colour of leaves. Gas chromatography method work well for colour 
and non-colour materials (Hunt, 1979). 
Gas chromatography is a modern analytical technique used for separating different 
components of hydrocarbon. This technique is greatly effective for the separation of light 
hydrocarbons especially below C10. The separation process is principally based on a static 
and a moving phase in a column. Generally, the mobile phase is low molecular weight 
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moving inert gas and the static phase is a liquid. The length of the column ranges from 0.3 to 
9 meters depending on the type of the chromatograph. Each component of a hydrocarbon 
sample has different retention time in the stationary phase of the column. Hydrocarbon 
with low molecular weight remains in the liquid phase for a shorter period of time. Whereas, 
heavy hydrocarbon need longer time to pass through the column. Travel time of a 
hydrocarbon component from the injection point to the detector is known as retention time. 
The results obtained from gas chromatography are recorded and plotted as a chromatogram 
(Hunt, 1979). 
Gas chromatography has a higher degree of sensitivity and accuracy in relation to distillation 
column. The modern spanning band distillation column could have the efficiency of about 
1000 plates, while high resolution chromatography has the efficiency of several thousand 
plates. The distillation process employing gas chromatography requires little time and small 
amount of analytical sample. For instance, Merchant (1968 cited by Hunt, 1979) identified 
90 compounds in C5 - C12 hydrocarbon in a period of 80 minutes. He analysed 0.5 µl of 
sample using a 200 feet stainless steel capillary column coated with squalane and Kel-F40 
(Hunt, 1979). 
Agilent Technologies 7890A gas chromatograph was used to determine the concentration of 
light hydrocarbons in the Angot and Kashkari oils. It has 50 meters long HP-PONA fused 
silica capillary column. The inner diameter of the capillary column is 0.2 mm where the inner 
wall of the column is coated with 0.5 µm dimethylpolysiloxane stationary phase. Helium was 
used as a carrier gas. The utilized chromatograph has two Flame Ionization Detectors (FID). 
The samples were analysed at: 35˚C (15 minutes hold) ~ (1.5˚C/minute) ~ 70˚C ~ 
(3.0˚C/minute) ~ 130˚C. 0.2 µl of the oil sample was injected to chromatograph using split 
injection method with the split ratio of 1/300. The following figure shows the gas 
chromatograph used for identifying light hydrocarbon compositions in the Angot and 
Kashkari oils.  
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Fig. 4.9 Agilent Technologies 7890A gas chromatograph. 
4. 3. 3 Gas chromatography-mass spectrometry (GC-MS) 
Gas chromatography-mass spectrometry (GC-MS) is an analytical method which combines 
both gas chromatography and mass spectrometry techniques. Gas chromatography-mass 
spectrometry first separates different compounds of an analytical sample and then each 
compound is ionised, detected and quantified. This method utilizes the partitioning 
capability of gas chromatography and the detection capability of mass spectrometry. Mass 
spectrometry identifies each of the compounds based on their mass to charge ratio. 
(CHROMacademy, n. d.). 
Mass spectrometry analyse sample based on mass or molecular weight of ionized particles 
in a sample. The sample introduced to mass spectrometry is vaporized and then some of the 
molecules are ionized due to bombardment of electrons. Large molecules break into small 
ionized molecules which pass through a magnet at high velocity which separates them 
based on their masses. Chromatogram obtained from analysis using mass spectrometer 
could have hundreds of peaks considering the number of ionized particles. The 
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interpretation of the results becomes complicated due to numerousness of the peaks in the 
chromatogram. Therefore, computer system is employed to identify each component and 
overcome this problem (Hunt, 1979). 
Agilent Technologies GC6890N-MS5973N gas chromatograph mass spectrometer was used 
to analyse biomarker compositions of the Angot and Kashkari oils. It is essential to separate 
the aliphatic and aromatic fractions of the analytical sample prior to the analysis. The 
aliphatic and aromatic fractions of the analysed oils were separated using silica gel column 
chromatography. The aromatic fractions of the oils were extracted using 10 ml solvent 
prepared by mixing n-hexane and Dichloromethane (CH2Cl2) with mixing ratio of 3:2 
respectively. The following figure shows the gas chromatograph mass spectrometer used for 
identifying the biomarker compositions of the Angot and Kashkari oils. 
 
Fig. 4.10 Agilent Technologies GC6890N-MS5973N gas chromatograph mass spectrometer. 
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4. 3. 4 Elemental analyser and isotope ratio mass spectrometer 
Stable carbon isotopic ratio is widely used for characterizing hydrocarbon in petroleum 
geochemistry (Lillis et al., 2001). The Angot and Kashkari oils were separated into aliphatic 
and aromatic fractions prior to determining their stable carbon isotopic composition. Bulk 
isotopic analysis method was employed to identify the stable carbon isotope ratio of the oils. 
Light fractions of the analysed oils were vaporized by placing them in atmospheric condition 
prior to the analysis. The aliphatic and aromatic fractions of the residual oils were separated 
and then carbon isotopic composition of each fraction was determined. Stable carbon 
isotopic composition of the Angot and Kashkari oils were analysed using EuroVector Euro 
EA3000 elemental analyser coupled with GV instruments isoprime isotope ratio mass 
spectrometer. Temperature inside the furnace of the elemental analyser was 1050˚C. The 
temperature inside the furnace increased to 1500˚C ~ 1600˚C due to catalytic role of the tin 
foil used for placing the oil sample in the furnace. An international reference material (NBS-
22) was used to calibrate the analytical machine prior to the analysis. The following figure 
shows the elemental analyser and isotope ratio mass spectrometer used for analysing the 
Angot and Kashkari oils. 
 
Fig. 4.11 Elemental analyser (a) and isotope ratio mass spectrometer (b). 
ba
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 4. 4 Results 
This chapter include the results obtained from the analyses of the Angot and Kashkari oils. It 
provides information about the physical properties, light hydrocarbons, biomarkers and 
carbon isotopic composition of the oils. 
4. 4. 1 Physical properties of the Angot and Kashkari oils 
Physical properties of the Angot and Kashkari oils include: density, API gravity, oiliness, 
kinematic viscosity@ 30˚C and 50˚C, UOP characteristic coefficient, crude oil base, carbon 
residue, sulfur content, wax content, pour point/cloud point and distillation test. The 
following table summarizes the physical properties of the Angot and Kashkari oils. 
Table 4.2 Physical properties of the Angot and Kashkari oils. 
Physical property Angot 2011 Angot 2015 Kashkari 2015 
Density @15℃  [gr/cm3] 0.9235  0.9136 0.8733 
API gravity 21.6  23.3 30.4 
Oiliness Heavy Heavy Medium 
Kinematic viscosity  @30℃  [mm2/s] 104.4 55.60 11.32 
                                    @50℃  [mm2/s] 39.78 24.00 6.165 
UOP characteristic coefficient 11.70 11.75 11.80 
Crude oil base 
Between naphthene 
and paraffin 
Between naphthene 
and paraffin 
Between naphthene 
and paraffin 
Carbon residue  [wt%] 9.44 9.25 5.09 
Sulfur content    [wt%] 2.88 2.77 1.77 
Wax content 2.3 2.0 2.1 
Pour point                                 [℃] -32.5 -32.5 -32.5 
Cloud point                               [℃] N.D N.D N.D 
Distillation           IBP              [℃] 91.5 70.0 60.5 
                5vol%          [℃] 179.5  146.0 112.5 
                10vol%        [℃] 225.5  192.5 152.0 
                20vol%        [℃] 283.5  254.0 204.5 
                30vol%        [℃] 329.5  302.5 246.5 
                40vol%        [℃] 373.5  346.0 286.5 
                50vol%        [℃] 418.0  393.5 325.0 
                60vol%        [℃] 460.0  440.5 369.0 
                70vol%        [℃] 503.5  489.5 422.0 
                80vol%        [℃] 558.0  549.5 483.5 
                90vol%        [℃] 626.5  621.5 571.5 
                95vol%        [℃] 671.5  668.0 630.0 
                FBP              [℃] 726.0  724.5 712.5 
N.D= Not detected 
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4. 4. 2 Light hydrocarbon compositions of the Angot and Kashkari oils 
The Angot 2015 and Kashkari 2015 oil samples were analysed for light hydrocarbons. While, 
the Angot 2011 oil sample was not analysed for light hydrocarbons. The light fractions of 
this sample (Angot 2011) have evaporated due to 4 years storage (2011 to 2015) prior to the 
analysis. The presence of C3 to C8 light hydrocarbons were identified in the analysed oils. 
The following tables summarize the light hydrocarbon compositions of the Angot 2015 and 
Kashkari 2015 oils. 
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Table 4.3 Light hydrocarbon compositions of the Angot 2015 oil. 
No Compound (mol%) 
 
No Compound (mol%) 
1 Methane 
  
36 2,4-Dimethylhexane 0.45 
2 Ethane 
  
37 Ethylcyclopentane 0.71 
3 Propane 0.02 
 
38 2,2,3-Trimethylpentane 0.00 
4 iso-Butane 0.54 
 
39 trans-1,cis-2,4-trimethylcyclopentane 0.28 
5 n-Butane 2.08 
 
40 3,3-Dimethylhexane 0.15 
6 Neopentane(2,2-Dimethylpropane) 0.10 
 
41 trans-1,cis-2,3-Trimethylcyclopentane 0.23 
7 iso-Pentane(2-Methylbutane) 4.85 
 
42 Toluene 1.30 
8 n-Pentane 6.73 
 
43 2,3,4-Trimethypentane 0.04 
9 2,2-Dimethylbutane 0.51 
 
44 2,3-Dimethylhexane 0.33 
10 Cylopentane 0.57 
 
45 1,1,2-Trimethylcyclopentane 0.09 
11 2,3-Dimethylbutane 0.99 
 
46 2-Methylheptane 2.04 
12 2-Methylpentane 4.55 
 
47 4-Methylheptane 0.64 
13 3-Methylpentane 3.01 
 
48 3,4-Dimethylhexane 0.05 
14 n-Hexane 8.85 
 
49 3-Methylheptane 1.40 
15 2,2-Dimethylpentane 0.30 
 
50 cis-1,trans-2,4-Trimethylcyclopentane 0.00 
16 Methylcyclopentane 4.32 
 
51 cis-1,trans-2,3-Trimethylcyclopentane 0.00 
17 2.4-Dimethylpentane 0.48 
 
52 cis-1,3-Dimethylcyclohexane 1.69 
18 2,2,3-Trimethylbutane 0.11 
 
53 1,1-Dimethylcyclohexane 0.29 
19 Benzene 0.06 
 
54 trans-1,4-Dimethylcyclohexane 0.91 
20 3,3-Dimethylpentane 0.20 
 
55 n-Octane 4.28 
21 Cyclohexane 9.25 
 
56 trans-1,2-Dimethycyclohexane 0.63 
22 2-Methylhexane 3.02 
 
57 cis-１,4-Dimethycyclohexane 0.37 
23 2,3-Dimethylpentane 1.00 
    
24 1,1-Dimethylcyclopentane 0.62 
 
Calculations 
25 3-Methyhexane 3.05 
 
No Percentage/ratio of compounds (mol%) 
26 cis-1,3-Dimethylcyclopentane 0.88 
 
1 n-alkane  (％) 30.1 
27 3-Ethylpentane 0.18 
 
2 iso-alkane  (％) 28.4 
28 tans-1,3-Dimethylcyclopentane 0.79 
 
3 Cycloalkane  (％) 40.2 
29 trans-1,2-Dimethylcyclopentane 1.50 
 
4 Aromatics  (％) 1.4 
30 n-Heptane 8.13 
 
5 (n + iso)-Alkanes (％) 58.5 
31 2,2-Dimethylhexane 0.00 
 
6 (n-Heptane/trans-1,3-DMCP) 10.3 
32 cis-1,2-Dimethylcyclopentane 0.00 
 
7 (Toluene/MCH） 0.08 
33 1,1,3-Trimethylcyclopentane 0.34 
 
8 (2,3-DMP/n-Heptane） 0.12 
34 Methylcyclohexane 16.71 
 
9 (Benzene/n-Heptane） 0.01 
35 2,5-Dimethylhexane 0.36         
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Table 4.4 Light hydrocarbon compositions of the Kashkari 2015 oil. 
No Compound (mol%)   No Compound (mol%) 
1 Methane 0.00 
 
36 2,4-Dimethylhexane 0.33 
2 Ethane 0.00 
 
37 Ethylcyclopentane 0.48 
3 Propane 0.99 
 
38 2,2,3-Trimethylpentane 0.00 
4 iso-Butane 2.95 
 
39 trans-1,cis-2,4-trimethylcyclopentane 0.21 
5 n-Butane 6.43 
 
40 3,3-Dimethylhexane 0.09 
6 Neopentane(2,2-Dimethylpropane) 0.24 
 
41 trans-1,cis-2,3-Trimethylcyclopentane 0.16 
7 iso-Pentane(2-Methylbutane) 7.43 
 
42 Toluene 2.40 
8 n-Pentane 8.43 
 
43 2,3,4-Trimethypentane 0.04 
9 2,2-Dimethylbutane 0.64 
 
44 2,3-Dimethylhexane 0.21 
10 Cylopentane 0.96 
 
45 1,1,2-Trimethylcyclopentane 0.04 
11 2,3-Dimethylbutane 1.05 
 
46 2-Methylheptane 1.40 
12 2-Methylpentane 5.08 
 
47 4-Methylheptane 0.44 
13 3-Methylpentane 3.23 
 
48 3,4-Dimethylhexane 0.04 
14 n-Hexane 8.63 
 
49 3-Methylheptane 0.90 
15 2,2-Dimethylpentane 0.29 
 
50 cis-1,trans-2,4-Trimethylcyclopentane 0.00 
16 Methylcyclopentane 4.58 
 
51 cis-1,trans-2,3-Trimethylcyclopentane 0.00 
17 2.4-Dimethylpentane 0.47 
 
52 cis-1,3-Dimethylcyclohexane 1.16 
18 2,2,3-Trimethylbutane 0.10 
 
53 1,1-Dimethylcyclohexane 0.19 
19 Benzene 1.36 
 
54 trans-1,4-Dimethylcyclohexane 0.60 
20 3,3-Dimethylpentane 0.18 
 
55 n-Octane 2.71 
21 Cyclohexane 8.07 
 
56 trans-1,2-Dimethycyclohexane 0.42 
22 2-Methylhexane 2.53 
 
57 cis-１,4-Dimethycyclohexane 0.25 
23 2,3-Dimethylpentane 0.83 
    
24 1,1-Dimethylcyclopentane 0.50 
 
Calculations 
25 3-Methyhexane 2.50 
 
No Percentage/ratio of compounds (mol%) 
26 cis-1,3-Dimethylcyclopentane 0.75 
 
1 n-alkane  (％) 33.08 
27 3-Ethylpentane 0.15 
 
2 Iso-alkane  (％) 31.38 
28 tans-1,3-Dimethylcyclopentane 0.67 
 
3 Cycloalkane  (％) 31.78 
29 trans-1,2-Dimethylcyclopentane 1.19 
 
4 Aromatics  (％) 3.76 
30 n-Heptane 5.90 
 
5 (n + Iso)-Alkanes (％) 64.46 
31 2,2-Dimethylhexane 0.00 
 
6 (n-Heptane/trans-1,3-DMCP) 8.80 
32 cis-1,2-Dimethylcyclopentane 0.00 
 
7 (Toluene/MCH） 0.21 
33 1,1,3-Trimethylcyclopentane 0.25 
 
8 2,3-DMP/n-Heptane） 0.14 
34 Methylcyclohexane 11.30 
 
9 (Benzene/n-Heptane） 0.23 
35 2,5-Dimethylhexane 0.27         
The following table shows Thompson (1983) and Schaefer and Littke (1988) ratios calculated 
based on the light hydrocarbon compositions of the Angot 2015 and Kashkari 2015 oils. 
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Table 4.5 Thompson (1983) and Schaefer and Littke (1988) ratios calculated based on the 
light hydrocarbon compositions in the Angot 2015 and Kashkari 2015 oils. 
Ratio Angot 2015 Kashkari 2015 
Thompson, 1983 
Aromaticity: Benzene/n-Hexane 0.01 0.16 
Aromaticity: Toluene/n-Heptane 0.16 0.41 
Paraffinicity: (n-Hexane+n-Heptane)/(Cyclohexane+Methylcyclohexane) 0.65 0.75 
Isoheptane value 
Paraffinicity: ((2-Methylhexane)+(3-Methylhexane))/((cis-1,3-
Dimethylcyclopentane)+(tans-1,3-Dimethylcyclopentane)+(trans-1,2-
Dimethylcyclopentane)) 
1.92 1.93 
Paraffinicity: n-Heptane/Methyl cyclohexane 0.49 0.52 
Naphthene Branching: Cyclohexane/Methyl cyclopentane 2.14 1.76 
Paraffin Branching: n-Heptane/2-Methylhexane 2.69 2.33 
Paraffin Branching: n-Hexane/2,2-Dimethylbutane 17.3 13.5 
Heptane value 
Paraffinicity: [n-Heptane*100.0]/[Cyclohexane+(2-Methylhexane)+(1,1-
Dimethylcyclopentane)+(3-Methylhexane)+(cis-1,3-
Dimethylcyclopentane)+(tans-1,3-Dimethylcyclopentane)+(trans-1,2-
Dimethylcyclopentane)+(n-Heptane)+Methylcyclohexane] 
18.5 17.7 
Schaefer and Littke,1988 
C7 paraffin/naphthene concentration ratio 0.78 0.87 
C7 branched paraffin/cycloalkane 1.92 1.93 
4. 4. 3 Biomarker compositions of the Angot and Kashkari oils 
Normal-alkanes, isoprenoids, steranes, diasteranes, hopanes, phenanthrenes, 
methylphenanthrenes and triaromatic steroids were identified in the Angot and Kashkari 
oils. Total ion chromatograms (TIC) showing n-alkane and isoprenoid concentrations of the 
Angot and Kashkari oils are illustrated in the following figure. 
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Fig. 4.12 TIC chromatograms showing n-alkane and isoprenoid concentrations in the Angot 
and Kashkari oils. NPR: norpristane, Pr: Pristane and Ph: Phytane. 
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The following table shows the concentration of n-alkanes and isoprenoids in the Angot and 
Kashkari oils. 
Table 4.6 The n-alkane and isoprenoid compositions of the Angot and Kashkari oils. 
Carbon Number Angot 2011 Angot 2015 Kashkari 2015 
9 370629  3468493  3645733  
10 527177  3647373  4173521  
11 721614  3607958  4070107  
12 740194  3804069  4356817  
13 723430  4051574  3771254  
14 708648  4131976  3852160  
15 703767  4148984  3964477  
16 746051  4034462  4303693  
18(NPR) 236789  1345788  1574494  
17 653417  3688287  4026295  
19(PR) 235413  1353911  2040423  
18 565833  3240105  3258023  
20(PH) 235341  1301439  1425897  
19 452687  2555747  2989361  
20 379546  2120985  2455809  
21 292319  1703844  1963474  
22 233469  1383136  1651199  
23 179265  1054932  1351380  
24 146465  921400  1124657  
25 100902  669814  857125  
26 77066  545010  677147  
27 44781  357288  453965  
28 29754  246575  309458  
29 18077  167568  202878  
30 11676  133048  140189  
31 7768  75342  77399  
32 5483  57854  55107  
33 4289  44004  45565  
34 3119  29104  25971  
35 2086  18864  16841  
36 1546  19427  13673  
37 1028  10308  7722  
38 778  6774  5034  
39 602  4981  3653  
40 444  3696  2403  
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Some indices calculated based on n-alkane and isoprenoid concentrations in the Angot and 
Kashkari oils are shown in the following table. 
Table 4.7 Ratios calculated based on n-alkanes (C9+) and isoprenoids of the Angot and 
Kashkari oils. 
Sample Name PR/n-C17 PH/n-C18 PR/PH TAR CPI CPI (C22-C30) 
Angot 2011 0.36 0.42 1.00 0.04 1.02 0.91 
Angot 2015 0.37 0.40 1.04 0.06 0.99 0.91 
Kashkari 2015 0.51 0.44 1.43 0.07 1.03 0.95 
 PR: C19 Isoprenoid = Pristane (2,6,10,14-Tetramethylpentadecane) 
 PH: C20 Isoprenoid = Phytane (2,6,10,14-Tetramethyhexadecane) 
 TAR (terrigenous/aquatic ratio) = (C27+C29+C31)/(C15+C17+C19) 
 CPI (Carbon preference index) = {(C25+C27+ ～ +C33)/(C24+C26+ ～ +C32)+(C25+C27+ ～     
+C33)/(C26+C28+～+C34)}/2 
 CPI(C22-C30) = 2(C23+C25+C27+C29)/{C22+2(C24+C26+C28)+C30} 
The figure bellow illustrates sterane (m/z 217) compositions in the Angot and Kashkari oils. 
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Fig. 4.13 M/z 217 sterane mass chromatograms of the Angot and Kashkari oils. 
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Sterane compositions and some ratios calculated based on sterane compositions in the 
Angot and Kashkari oils are shown in the following table. The calculated ratios were used for 
identifying origin and maturity of the oils. 
Table 4.8 Sterane compositions in the m/z 217 mass chromatograms in the Angot and 
Kashkari oils. 
Peak ID Compound Name 
Carbon 
Number 
Relative Peak Abundance 
(m/z：217) 
Angot 
2011 
Angot 
2015 
Kashkari 
2015 
1 13β,17α-diacholestane 20S 27 36 38 50 
2 13β,17α-diacholestane 20R 27 19 19 24 
3 13α,17β-diacholestane 20S 27 10 9 12 
5R 24R-methyl-13β,17α-diacholestane 20S 28 15 16 20 
6R 24R-methyl-13β,17α-diacholestane 20R 28 11 11 13 
8 5α,14α,17α-cholestane 20S 27 57 60 57 
11 5α,14β,17β-cholestane 20R 27 
85 86 88 
+10        +24-ethyl-13β,17α-diacholestane 20S 29 
12 5α,14β,17β-cholestane 20S 27 69 72 73 
14 5α,14α,17α-cholestane 20R 27 71 73 72 
15 24-ethyl-13β,17α-diacholestane 20R 29 27 29 36 
16 24-ethyl-13α,17β-diacholestane 20S 29 7 7 9 
17 24-methyl-5α,14α,17α-cholestane 20S 28 17 19 19 
19 24-methyl-5α,14β,17β-cholestane 20R 28 
52 54 53 
+18        +24-ethyl-13α,17β-diacholestane 20R 29 
21 24-methyl-5α,14β,17β-cholestane 20S 28 49 51 51 
22 24-methyl-5α,14α,17α-cholestane 20R 28 23 24 23 
23 24-ethyl-5α,14α,17α-cholestane 20S 29 68 70 69 
24 24-ethyl-5α,14β,17β-cholestane 20R 29 100 100 100 
26 24-ethyl-5α,14β,17β-cholestane 20S 29 95 94 91 
27 24-ethyl-5α,14α,17α-cholestane 20R 29 63 66 67 
28 24-n-propyl-5α,14α,17α-cholestane 20S 30 16 16 15 
29 24-n-propyl-5α,14β,17β-cholestane 20R 30 21 23 19 
30 24-n-propyl-5α,14β,17β-cholestane 20S 30 23 23 22 
31 24-n-propyl-5α,14α,17α-cholestane 20R 30 10 10 10 
Calculations 
Maturity 
α,α,α-C29 cholestane-20 {S/(S+R)}   0.52 0.51 0.51 
C29-cholestane-α,β,β/(α,β,β+α,α,α)   0.60 0.59 0.58 
Origin 5α-cholestan 20R (C27：C28：C29) 
27 45 45 44 
28 15 15 14 
29 40 40 41 
27/(27+29) 0.53 0.53 0.52 
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Hopane concentrations (m/z 191) in the Angot and Kashkari oils are illustrated in the 
following figure. 
 
Fig. 4.14 M/z 191 triterpane mass chromatograms in the Angot and Kashkari oils. 
The following table lists triterpane concentrations and some ratios calculated based on the 
triterpane compositions in the Angot and Kashkari oils. 
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Table 4.9 Triterpane compositions in the m/z 191 mass chromatograms in the Angot and 
Kashkari oils. 
Peak ID Compound Name 
Carbon 
Number 
Relative Peak Abundance (m/z：191) 
Angot 
 2011 
Angot 
 2015 
Kashkari 
 2015 
A Tricyclic terpane(C28Cheilanthane #1) 28 1  1  2  
B Tricyclic terpane(C28Cheilanthane #2) 28 1  2  2  
C Tricyclic terpane(C29Cheilanthane #1) 29 3  3  3  
D Tricyclic terpane(C29Cheilanthane #2) 29 2  2  2  
1 18α(H)-22-29-30-trisnorneohopane(Ts) 27 16  16  17  
3 17α(H)-22-29-30-trisnorhopane(Tm) 27 26  27  28  
4 17β(H)-22-29-30-trisnorhopane 27 7  8  8  
F Tricyclic terpane(C30Cheilanthane #1) 30 1  1  1  
G Tricyclic terpane(C30Cheilanthane #2) 30 1  1  1  
6 17α(H),21β(H)-30-norhopane 29 100  100  100  
E 18α(H)-30-norneohopane(C29Ts) 29 19  17  19  
X 17α(H)-diahopane 30 1  1  1  
7 17β(H),21α(H)-30-normoretane 29 8  8  8  
10 17α(H),21β(H)-hopane 30 73  74  77  
I 17α(H),21β(H)-30-nor-29-methylhopane 30 12  11  11  
12 17β(H),21α(H)-moretane 30 6  6  6  
13 17α(H),21β(H)-30-homohopane-22S 31 39  36  38  
14 17α(H),21β(H)-30-homohopane-22R 31 33  32  32  
17 17β(H),21α(H)-30-homomoretane 31 2  2  3  
18 17α(H),21β(H)-30-31-bishomohopane-22S 32 25  24  25  
19 17α(H),21β(H)-30-31-bishomohopane-22R 32 17  17  17  
22 17α(H),21β(H)-30-31-32-trishomohopane-22S 33 17  18  17  
23 17α(H),21β(H)-30-31-32-trishomohopane-22R 33 11  12  12  
24 17α(H),21β(H)-30-31-32-33-tetrahomohopane-22S 34 11  11  11  
25 17α(H),21β(H)-30-31-32-33-tetrahomohopane-22R 34 7  8  7  
26 17α(H),21β(H)-30-31-32-33-34-pentahomohopane-22S 35 11  12  12  
27 17α(H),21β(H)-30-31-32-33-34-pentahomohopane-22R 35 7  8  8  
Calculations 
M
at
u
ri
ty
 
18α(H)/(18α(H)+17α(H))-22-29-30-trisnorneohopane   0.39  0.37  0.38  
C29 Ts/(C29 Ts + C29 Norhopane)  0.16  0.15  0.16  
C30 Diahopane/(C30 Diahopne + C30 Hopane)  0.01  0.01  0.02  
17α(H),21β(H)-homohopane-22S/(22S+22R)  0.55  0.53  0.54  
17α(H),21β(H)-bishomohopane-22S/(22S+22R)  0.60  0.59  0.60  
17α(H),21β(H)-trishomohopane-22S/(22S+22R)  0.60  0.61  0.59  
17α(H),21β(H)-tetrahomohopane-22S/(22S+22R)  0.62  0.60  0.59  
17α(H),21β(H)-pentahomohopane-22S/(22S+22R)   0.61  0.61  0.60  
D
ep
o
si
ti
o
n
al
 
en
vi
ro
n
m
e
n
t 
Tricyclic terpane/17α(H),21β(H)-hopane   0.10  0.11  0.12  
17α(H),21β(H)-30-norhopane/17α(H),21β(H)-hopane  1.36  1.35  1.31  
17α(H)-diahopane/17α(H),21β(H)-hopane  0.01  0.01  0.02  
(18α(H) +18β(H))-oleanane/17α(H),21β(H)-hopane  ― ― ― 
Homohopane Index：C35/(C31+C32+C33+C34+C35) 
- homohopane-(S+R) 
  0.10  0.11  0.11  
*: ―= not detected 
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Phenanthrene and methylphenanthrene concentrations in the Angot and Kashkari oils and 
different methylphenanthrene indices (MPIs) calculated are shown in Tables 4.10 and 4.11. 
Table 4.10 Phenanthrene and methylphenanthrene concentrations in the Angot and 
Kashkari oils. 
Peak 
Number 
Compound Name 
Relative Peak Abundance 
(Phenanthrene；m/z：178, Methylphenanthrene；m/z：192)  
Angot 2011 Angot 2015 Kashkari 2015 
P Phenanthrene                            [P]  54 100 100 
3 3-Methylphenanthrene           [3-MP] 32 39 47 
2 2-Methylphenanthrene           [2-MP] 32 48 53 
9+4 
9-Methylphenanthrene           [9-MP] 
100 77 75 
+ 4-Methylphenanthrene    +  [4-MP] 
1 1-Methylphenanthrene           [1-MP] 45 36 37 
Table 4.11 Methylphenanthrene indices calculated for the Angot and Kashkari oils. 
Sample Name MPI-1* MPI-3 MPR [2-MP]/([9-MP]+[4-MP]) ([9-MP]+[4-MP])/[1-MP] 2-MP/3-MP 
Angot 2011 0.51 0.44 0.71 0.32 2.25 0.98 
Angot 2015 0.68 0.77 1.34 0.63 2.14 1.25 
Kashkari 2015 0.78 0.89 1.43 0.70 2.03 1.13 
   MP= methylphenanthrene 
   MPI-1*= 1.5([3-MP]+[2-MP])×1.26/([P]+([9-MP]+[4-MP]+[1-MP])×1.26) 
   MPI-3= ([3-MP]+[2-MP])/([9-MP]+[4-MP]+[1-MP]) 
   MPR= [2-MP]/[1-MP] 
4. 4. 4 Stable carbon isotopic compositions of the Angot and Kashkari oils 
The following table illustrates carbon isotopic compositions of the Angot and Kashkari oils. 
Table 4.12 Stable carbon isotopic compositions of the Angot and Kashkari oils. 
Sample Name 
δ13C (‰) 
Whole Saturated Aromatic CV* 
Angot 2011 -27.0 -27.2 -26.9 -2.6 
Angot 2015 -26.9 -27.2 -27.0 -2.8 
Kashkari 2015 -26.9 -27.0 -26.7 -2.6 
*: CV (canonical variable) = -2.53× δ13C(sat)+2.22× δ13C(aro)-11.65 (Sofer, 1984). 
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4. 5 Discussion 
This section discusses results obtained through the geochemical analyses of the Angot and 
Kashkari oils. 
4. 5. 1 Physical properties of the Angot and Kashkari oils 
The physical properties of the analysed oils categorize the Angot and Kashkari oils as heavy 
and medium oils, respectively. The density measurements of the oils conducted at 15°C 
illustrate that the density of the Angot 2011, Angot 2015 and Kashkari 2015 oils are 0.9235, 
0.9136 and 0.8733 gr/cm3, respectively. These values show that the Angot oils are slightly 
heavier compared to the Kashkari oil. Similarly, the distillation tests of the oils (Fig. 4.15) 
shows that volume percentage oil recovered due to temperature of the Kashkari oil is higher 
compared to the Angot oils. The API gravity values of the Angot 2011, Angot 2015 and 
Kashkari 2015 oils are 21.6, 23.3 and 30.4, respectively. These results also show that the 
Kashkari 2015 oil has the lowest gravity among the analysed oils. In addition, carbon residue 
content of the Angot and Kashkari oils illustrate that the Angot 2011 oil has the highest 
amount of residue carbon content among the three analysed oil samples. The following plot 
illustrates the crude oil volume percentage recovered versus temperature for the Angot and 
Kashkari oils.  
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Fig. 4.15 Crude oil volume percentage recovered versus temperature of the Angot and 
Kashkari oils. 
It was found that the base of the Angot and Kashkari oils is between paraffin and naphthene. 
The kinematic viscosity of the oils was measured at 30°C and 50°C. The kinematic viscosity 
at 30°C of the Angot 2011, Angot 2015 and Kashkari 2015 oils are 104.4, 55.60 and 11.32 
mm2/s, respectively. While, the Kinematic viscosities of the oils at 50°C are 39.78, 24.00 and 
6.16 mm2/s, respectively. The viscosity analyses at both temperatures show that the Angot 
oils have higher viscosity compared to the Kashkari oil. The Sulfur content of the Angot 2011, 
Angot 2015 and Kashkari 2015 oils are 2.88, 2.77 and 1.77 wt%, respectively. It can be 
observed that the Angot oils have higher sulfur content compared to the Kashkari oil. Sulfur 
concentrations in the oils suggest the presence of sour oil in the study area. Wax content in 
the analysed oils ranges from 2.0 to 2.3 wt%. Whereas, their pour point is same having the 
value of -32°C. 
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4. 5. 2 Source and depositional environment of oils in the Amu Darya Basin, northern 
Afghanistan 
Terrigenous/aquatic ratio (TAR) calculated based on the concentration of n-alkanes in crude 
oil is generally used to determine the source of organic matter (Bourbonniere and Meyers, 
1996). The value of TAR can be affected by thermal maturity and biodegradation (Peters et 
al., 2005). Higher TAR values represent increased watershed source of lipid organic matter 
compared to aquatic source (Bourbonniere and Meyers, 1996). The low TAR values (0.04, 
0.06 and 0.07) of the Angot and Kashkari oils (Table 4.7) suggest aquatic source of organic 
matter in the Amu Darya Basin, northern Afghanistan. 
Carbon preference index (CPI) is used to estimate thermal maturity of crude oil (Alshebani 
et al., 2003). CPI value is affected by maturity and type of organic matter (Alshebani et al., 
2003 and Peters et al., 2005). High CPI value represents land plant input and low degree of 
maturation, while CPI value around 1 suggests marine organic matter and higher thermal 
maturity (Peters et al., 2005). The CPI values of the Angot and Kashkari oils ranges from 1.02 
to 1.03 which suggest mature oil in the area. CPI (C22-C30) can be used to differentiate 
between shale and carbonate source rocks. Oils derived from shale source rocks are 
characterized with CPI (C22-C30) > 1.0 (Peters et al., 2005). The CPI (C22-C30) values of the 
Angot and Kashkari oils ranges from 0.91 to 0.95 which represent carbonate source rocks. 
Isoprenoids are chemical compounds formed due to combination of isoprene (C5) skeletal 
units. Most naturally found acyclic isoprenoids have the chain-length of C10, C15, C20, C30 and 
C40 (Volkman and Maxwell, 1986). Isoprene units are combined through three types of 
linkages: head to tail, tail to tail and head to head. Head to tail is the most common type of 
linkage connecting isoprene units. For examples, this type of linkage can be observed 
between isoprene units in pristane and phytane. Acyclic isoprenoids are predominantly 
derived from plants, animal tissues and cell wall of bacteria (Gonzalez-Vila, 1995). Pristane 
and phytane are commonly found isoprenoids in geological samples. Concentration of 
pristane and phytane is generally illustrated as pristane/phytane ratio (Pr/Ph) (Volkman and 
Maxwell, 1986). This ratio can be used to determine depositional environment of sediments 
(Gonzalez-Vila, 1995). 
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Pristane and phytane have high resistance nature, therefore their concentration is dominant 
in weathered oils which decreases with degradation of oils. Lijmbach (1975 cited by 
Moustafa and Morsi, 2012) suggested different depositional environments based on Pr/Ph 
values. He mentioned that low Pr/Ph values (< 2) represent marine, fresh and brackish 
water (reducing conditions) environments. Intermediate Pr/Ph values (2 to 4) represent 
fluviomarine and coastal swamp depositional environments. While, higher Pr/Ph values (up 
to 10) represent peat swamp oxidizing environment (Moustafa and Morsi, 2012). The Pr/Ph 
values of the Angot and Kashkari oils ranges from 1.00 to 1.43 which suggest reducing 
marine depositional environment. 
Hopanes are pentacyclic triterpenoids found in the aliphatic fraction of crude oils. Hopanes 
are derived from the cell membrane of prokaryote. On the contrary, steranes mainly 
originate from higher plants and algae. Hopanes and steranes have a large number of 
steroisomers which are sensitive to maturity (Forster et al., 2004). These biomarkers are 
found in rocks where the remaining of microbes has fossilised or the accumulated oils were 
derived from microbial remaining. They are stable biomarkers, thus can be identified in 
samples of millions of years or even billions of years age (Parnell et al., 2004). Steranes and 
hopanes can be used to distinguish different types of oil even derived from same geographic 
environment (Ashton et al., 2000). 
C35S/C34S homohopane versus C29/C30 hopane plot illustrated in Fig. 4.16 provides 
information about lithology and depositional environment of the source rocks in the Afghan 
side of the Amu Darya Basin. The plot suggests that the source rocks were deposited in 
marine environment. In addition, it recommends that the oils were generated from 
carbonate source rocks. The information about lithology of the source rocks is consistent 
with the results obtained from the CPI (C22-C32) values. 
The C35S/C34S homohopane versus C29/C30 hopane plot of the Angot and Kashkari oils is 
shown in the following figure. 
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Fig. 4.16 C35S/C34S homohopane versus C29/C30 hopane (from Peters et al., 2005). 
Sterane compositions in crude oils can be used to identify source of organic matter 
(Mohialdeen et al., 2015). Huang and Meinschein (1979 cited by Mohialdeen et al., 2015) 
found that C27 sterol are dominantly derived from algae, while C29 sterol originate mainly 
from land plants. Diasteranes/steranes ratio can be used to differentiate between 
carbonate and clastic source rocks. Anoxic clay-poor carbonate source rocks are 
characterized by low diasteranes/steranes ratio. Different factors such as thermal maturity, 
lithology and redox potential of depositional environment can affect diasteranes/steranes 
ratio (Peters et al., 2005). Low diasterane concentrations compared to normal steranes in 
the Angot and Kashkari oils (Table 4.8) suggest that the Angot and Kashkari oils were 
generated from carbonate source rocks. 
The following triangular plot showing the relative concentrations of C27, C28 and C29 steranes 
in the Angot and Kashkari oil suggest marine depositional environment. The information 
about depositional environment obtained from the triangular plot is similar with the results 
obtained from the C35S/C34S homohopane versus C29/C30 hopane plot (Fig. 4.16). 
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Fig. 4.17 Relative concentrations of C27, C28 and C29 steranes in the Angot and Kashkari oils 
(from Huang and Meinschein, 1979). 
The following figure demonstrates stable carbon isotope ratio of saturated hydrocarbon 
plotted against stable carbon isotope ratio of aromatic hydrocarbon. In agreement with 
previous results, it recommends that the Angot and Kashkari oils were generated from 
source rocks deposited in marine environment. 
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Fig. 4.18 Saturated δ13C versus aromatic δ13C (from Sofer, 1984). 
According to Andrusevich et al. (1998) carbon isotopic composition of oils is affected by 
geological age independent of organic facies and secondary alteration processes. They 
found that generally concentration of stable carbon isotope (13C) increases with decreasing 
geological age. Carbon isotopic ratio of saturated hydrocarbon was used to estimate 
geological age of the of the Angot and Kashkari oils. Fig. 4.19 suggests that the analysed oils 
could have been generated from source rocks between Jurassic to Paleogene time. 
Considering the geological information and the lithostratigraphic column of the Amu Darya 
and Afghan-Tajik Basins (Fig. 3.4), it can be suggested that the Angot and Kashkari oils were 
generated from Jurassic source rocks. 
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Fig. 4.19 Geological age of the source rocks in the Angot and Kashkari oil fields (from 
Andrusevich et al., 1998). 
4. 5. 3 Maturity and biodegradation of oils in the Amu Darya Basin, northern Afghanistan 
Light hydrocarbon and biomarker compositions of the Angot and Kashkari oils were used to 
determine maturity and biodegradation state of the oils in the Amu Darya Basin, northern 
Afghanistan. 
The relative increase in the concentration of 20S isomers to 20R regular steranes are 
commonly used as maturity indicator. 20S/(20S+20R) isomerization ratio increases from 0 to 
about 0.55 (0.52-0.55=equilibrium) while increasing maturity of oil from immature to early 
oil generation stage (Peters et al., 2005). The α,α,α C29 sterane ratios in the Angot and 
Kashkari oils ranges from 0.51 to 0.52 (Table 4.8) which are close to the equilibrium. In 
addition,  C29 sterane isomerization ratio was employed to assess the maturity 
of the oils.  C29 sterane isomerization ratio obtains values to approximately 0.7 
(0.67 to 0.71 represent the equilibrium values) while increasing maturity of oil from 
immature to peak oil generation stage (Peters et al., 2005). The  C29 sterane 
ratios of the Angot and Kashkari oils ranges from 0.58 to 0.60 (Table 4.8) which are lower 
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than the equilibrium values. These two types of sterane ratios in the Angot and Kashkari oils 
suggest early oil generation stage in the study area. 
The heptane and isoheptane ratios (Table 4.5) calculated based on light hydrocarbon 
concentrations in the Angot and Kashkari oils were used to assess the maturity of the source 
rocks. The heptane versus isoheptane plot shown in the following figure suggests that the 
oils were generated in the early stage of oil generation in the Amu Darya Basin, northern 
Afghanistan. 
 
Fig. 4.20 Heptane versus isoheptane for the Angot 2015 and Kashkari 2015 oils (from 
Isaksen, 2004). 
The Pristane/n-C17 versus phytane/n-C18 plot (Fig. 4.21) was used to determine the 
depositional environment, kerogen type, maturity and biodegradation degree of the Angot 
and Kashkari oils. The plot illustrates that the oils were derived from marine organic matter 
deposited in reducing environment. In addition, it suggests that the oils were generated 
from kerogen type-II which is oil and gas prone. Furthermore, the plot shows that the 
analysed oils are not biodegraded. The flat baseline of the TIC chromatograms (Fig. 4.12) 
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and relatively low peaks of the pristane and phytane also suggest that the Angot and 
Kashkari oils are not biodegraded. 
 
Fig. 4.21 Pristane/n-C17 versus phytane/n-C18 for Angot and Kashkari oils (from Hunt, 1996). 
In organic geochemistry, the distributions of phenanthrenes and alkylphenanthrenes in 
ancient sediments and crude oils are widely used as maturity indicator. The distribution of 
these chemical compounds is affected with increasing the maturity of oil. In 1980s, various 
indices such as methylphenanthrene ratio (MPR), methylphenanthrene index (MPI) and 
methylphenanthrene distribution fraction (MPDF) were developed for assessing the 
maturity of hydrocarbon. These aromatic biomarkers have linear correlation with vitrinite 
reflection in a wider maturity range compared to aliphatic biomarkers. For example, the 
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steranes and hopanes aliphatic biomarkers can only correlate at maturity below oil window 
(Hossain et al., 2009). The MPI-1* index versus mean vitrinite reflectance plot suggested by 
Radke and Welte (1983) was used to determine the maturity of the Angot and Kashkari oils. 
The plot (Fig. 4.22) suggests that the oils were generated either in oil generation or 
condensate generation stage. Considering the results previously discussed, it can be 
suggested that the Angot and Kashkari oils were generated in early oil generation stage. 
 
Fig. 4.22 MPI-1* versus mean vitrinite reflectance for Angot and Kashkari oils (after Radke 
and Welte, 1983). 
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4. 6 Conclusions 
A number of different laboratory analytical methods were employed to analyse the oil 
samples collected from the Angot and Kashkari oil fields in the Amu Darya Basin, northern 
Afghanistan. The oils were analysed for physical properties, light hydrocarbons, biomarkers 
and carbon isotopic compositions. The results obtained from the analyses were used to 
identify the origin of the oils, kerogen type, maturity and biodegradation of the oils in the 
Amu Darya Basin, northern Afghanistan. In addition, it was aimed to estimate the 
depositional environment of the source rocks in the study area. 
The physical properties of the oils illustrate the presence of medium to heavy oils with crude 
oil base between paraffin and naphthene in the study area. The density analysis of the oils 
suggests that the Kashkari oil is slightly lighter compared to the Angot oils. It was found that 
the Angot 2011 oil has highest density among the analysed oils. Similarly, as a result of 
distillation test relatively higher amount of the Kashkari oil was recovered compared to the 
Angot oils. In addition, the Kashkari oil is characterized with higher API gravity value and low 
carbon residue content. The results demonstrate that the Angot oils have higher kinematic 
viscosity in contrast to the Kashkari oil. The analysis of sulfur content suggests the presence 
of sour oils in the Amu Darya Basin, northern Afghanistan. 
The terrigenous/aquatic ratio (TAR) calculated based on the light hydrocarbon compositions 
in the Angot and Kashkari oils indicate that the oils were generated from organic matter 
deposited in aquatic environment. Similarly, it was confirmed by the pristnae/phytane ratios 
that the Angot and Kashkari oils were generated from source rocks deposited in reducing 
marine environment. In addition, the triangular plot showing the relative concentrations of 
C27, C28 and C29 steranes (Fig. 4.17), the stable carbon isotopic values of saturated 
hydrocarbon plotted against the stable carbon isotopic values of aromatic hydrocarbon (Fig. 
4.18) and the pristane/n-C17 versus phytane/n-C18 plot (Fig. 4.21) confirmed marine source 
of the organic matter in the study area. The pristane/n-C17 versus phytane/n-C18 plot also 
suggests that the oils were generated from kerogen type-II. In addition, the plot shows that 
the oils are not biodegraded. 
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Different ratios calculated based on the n-alkanes and biomarker compositions of the Angot 
and Kashkari oils were used to estimate the lithology of the source rocks. The CPI (C22-C30) 
values of the analysed oils suggest that the oils were generated from carbonate source rocks. 
The results were also confirmed by the C35S/C34S homohopane versus C29/C30 plot (Fig. 4.16) 
suggesting marine carbonate source rocks in the area. In addition, the relatively low 
concentration of diasteranes compared to normal steranes (Table 4.8) suggests carbonate 
source rocks in the Amu Darya Basin, northern Afghanistan. 
The low carbon preference indices of the Angot and Kashkari oils suggest the presence of 
mature oil in the Afghan side of the Amu Darya Basin. In addition, the α,α,α C29 and 
 C29 staerane ratios (Table 4.8) propose that the oils were generated from 
source rocks in the early oil generation stage. These results were also confirmed by the 
heptane versus isoheptane plot (Fig. 4.20) and the MPI-1* versus mean vitrinite reflectance 
plot (Fig. 4.22). 
The stable carbon isotopic composition of saturated hydrocarbon versus geological age plot 
(Fig. 4.19) suggests the geological age range of Jurassic to Paleogene for the generation of 
the Angot and Kashkari oils. Considering the geological information and the carbon isotopic 
compositions of the oils, it can be suggested that the oils may have been generated in 
Jurassic time. 
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Chapter 5 Hydrocarbon generation and expulsion modeling of Jurassic-
Cretaceous petroleum system of the Amu Darya Basin, northern Afghanistan 
5. 1 Introduction 
One-dimensional basin modeling study was conducted in the Afghan side of the Amu Darya 
Basin. The study was carried out based on geological and hydrocarbon production data 
collected during a research trip to the northern Afghanistan in March 2016. Afghan Gas 
Enterprise and Northern Directorate of the Hydrocarbon Unit in Sheberghan province were 
visited to obtain the required data. The data was collected from different geological reports 
and maps, well reports and field notes. 
The one-dimensional basin modeling was conducted along cross section I-I’ (Fig. 5.2) in the 
Afghan side of the Amu Darya Basin. A total of 8 wells located along the cross section I-I’ 
were modelled which include five actual and three pseudo wells. The actual wells are 
located in the Jangal-e-Kalan, Yatimtaq, Khwaja Gogerdak and Khwaja Bulan gas fields in the 
northwest, and Angot oil field in the southeast. The three pseudo wells were placed in 
synclines along the cross section I-I’. The main objectives of the study were to assess the 
maturity and hydrocarbon generation and expulsion potential of the Lower and Middle 
Jurassic source rocks in different parts of the Amu Darya Basin, northern Afghanistan. In 
addition, it was aimed at estimating the timing of hydrocarbon generation and expulsion in 
the study area. The following figure shows the location of the geological cross section I-I’ 
with the modeled locations in the Amu Darya Basin, northern Afghanistan. 
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Fig. 5.1 Modeled hydrocarbon fields and pseudo wells in the Amu Darya Basin, northern 
Afghanistan (constructed based on Klett et al., 2006b). 
The following figure illustrates the geological cross section I-I’ with the modeled locations in 
the study area. 
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Fig. 5.2 Geological cross section I-I’ in the Amu Darya Basin, northern Afghanistan (after Klett et al., 2006b). 
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The following sections include methodology of the research, data set, results, discussion and 
conclusions. 
5. 2 Methodology 
A one-dimensional (1D) basin modeling software BSS-Python version 1-9-2 was used to construct 
the 1D basin models. The software simplifies and simulates various physical and chemical 
processes in a sedimentary basin. Though, the results of one-dimensional basin modeling 
can be used in the preliminary stage of a basin exploration followed by detailed 
investigations. It can provide information about compaction of sediments, burial history, 
volume and timing of hydrocarbon generation and expulsion (Nakayama, 1987). The 1D 
models are constructed using thickness, lithology, age and depth of sedimentary facies 
(Higley et al., 2006). 
The BSS-Python software subdivides the assigned thickness of sedimentary layers into cells 
with equal time intervals. A number of different geological and geochemical parameters 
such as lithology, thermal conductivity, total organic carbon (TOC) and kerogen type are 
specified for each cell. Depth, pressure, temperature, porosity, permeability, vitrinite 
reflectance, hydrocarbon generation and expulsion are calculated for each cell, at each time 
step. Based on these calculations the burial and thermal histories are reconstructed 
employing forward modeling method. Chemical kinetic reaction models are utilized to 
calculate hydrocarbon generation (Tissot and Welte, 1984). The expulsion of hydrocarbon is 
expected to take place in separate oil and gas phases, ensuring the multi-phase Darcy’s law 
(Nakayama, 1987). The following figure illustrates main workflow of the 1D basin modeling. 
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Fig. 5.3 Main workflow of the one-dimensional basin modeling. 
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5. 3 Data set 
This section provides information about the data used for constructing the 1D models. 
Information about the thickness of the sedimentary layers in the actual wells was obtained 
from the wells data compiled by Ivanov et al. (1978). The available detailed stratigraphic 
division at each well was combined in order to make simpler stratigraphic columns. The 
thickness of the sedimentary facies in the pseudo wells was approximated from the cross 
section I-I’ (Fig. 5.2). The Vshale value for each stratigraphic division was assigned based on 
the geological cross section I-I’ and the generalized stratigraphic chart of hydrocarbon fields 
in the northern Afghanistan (Table 5.1). 
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Table 5.1 Stratigraphic chart of hydrocarbon fields in the northern Afghanistan (after 
Gustavson Associates, 2005). 
 
 
 
 
Min Max
Recent (Daura-Mauser) 150 370 Loose-sand Marl Continental
Loss circulation
interval in this
formation
Miocene (Koshtangi) 420 790
Sandstone and clay,
clay dominant
Marine
Oligocene (Shafa) 245 320
Upper sandstone,
Middle limestone,
Lower clay
Unconformity clay
Marine
Eocene (Suzak) 110 135 Mudstone
Paleocene (Ghory) 200 250
Top marl, rest is
limestone
Marine Loss Zone
Turonian 730 780
Upper clay 80%,
Middle sandstone,
Lower marl with
fossils
Marine
Cenomanian 160 240
Upper limestone,
Middle clay and 
sandstone, Lower clay
Marine
High pressue zone
(in Jangal-e-Kalan 
and Chekchi areas)
Albian 310 380
Clay 70%, sandstone
30%
Marine
Reservoir in
Yatimtaq,
Kashkari
Aptian 110 150
Top limestone, Middle
limestone, Bottom
anhydrite
Marine
Reservoir in
Khwaja Gogerdak,
Yatimtaq,
Kashkari
Barremian 110 120
Clay, sandstone,
anhydrite
Marine
Hauterivian 125 135
Redbed siltsone,
sandstone,
conglomerates
Non Marine and
Marine
Reservoir in
Jerqodoq
Khwaja Gogerdak
Yatimtaq,
Kashkari
(Olian-Green) 75 90 Clay, sandstone, clay Marine
(Karabil) 90 330
Alteration of
sandstone and clay
Marine
(Gaurdak) 250 255 Salt (anhydrite) Marine Pipe sticking
(Kugitang) 285 320
Dolomite limestone
85%
Marine
Reservoir in
Jerqodoq,
Yatimtaq
Lower and Middle
Jurassic
Baysun 60 1550
Continental clastics, 
shale, coal and 
volcanics
Continental and
Marine
Upper Cretaceous
Lower Cretaceous
Thickness (m)
Age
Stage or 
Local Name
Lithology
Description
Depositional
Environment
RemarksGeologic Column
Upper Jurassic
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The geological age and thickness of stratigraphic layers in the modeled locations are 
tabulated in Tables 5.2 and 5.3. 
Table 5.2 Geological age and thickness of stratigraphic horizons penetrated by actual wells 
in the Amu Darya Basin, northern Afghanistan (from: Ivanov et al., 1978). 
Suite Index 
Geologic age 
 (Ma) 
Jangal-e-Kalan 
4 (m) 
Yatimtaq 
21 (m) 
Khwaja Gogerdak 
3 (m) 
Khwaja Bulan 
2 (m) 
Angot 
9 (m) 
Quaternary Q 1.8 24.0 15.0 10.0 45.0 5.0 
Mazar Shrif (N2-Q1) mz 16.4 890.0 0.0 0.0 0.0 0.0 
Koshtangi N1 ksh 23.8 0.0 0.0 0.0 0.0 0.0 
Shafa (pg3-N1) sh 33.7 237.0 0.0 0.0 0.0 0.0 
Taluqan (Pg2-Pg3) tl 39.0 0.0 0.0 0.0 0.0 0.0 
Turkistan Pg2 tr 44.0 0.0 0.0 0.0 0.0 0.0 
Alai Pg2 al 49.0 0.0 0.0 0.0 0.0 0.0 
Suzak Pg2 ss 54.8 102.0 0.0 0.0 0.0 0.0 
Ghory (K2-pg1) g 70.0 196.0 219.0 243.0 265.0 297.0 
Companian K2 cp 83.5 238.5 117.0 124.0 0.0 22.0 
Turonian-Santonian K2 t-s 93.5 523.5 345.0 441.0 413.0 180.0 
Cenomanian K2 c 99.0 255.0 183.0 179.0 136.0 110.0 
Albanian K1 al 112.0 297.5 178.5 205.5 176.5 131.5 
Aptian k1 ap 121.0 211.5 153.5 156.5 161.5 201.5 
Okuzbulak K1 br-ap1 127.0 89.0 163.0 181.0 174.0 154.0 
Hauterivian K1 h 132.0 142.9 93.0 140.0 155.0 160.0 
Almurad K1 va2 135.0 142.9 45.0 62.0 47.0 49.0 
Karabil J3 t - K1 va1 151.0 457.1 146.0 25.0 32.0 93.0 
Gaurdak J3 km-t 154.0 342.9 270.0 393.5 58.0 100.0 
Kugitang J2 K - J3 o 164.0 428.6 257.0 249.5 164.0 10.0 
Baysun J1 - J2 206.0 1142.9 99.0 110.0 53.0 10.0 
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Table 5.3 Geological age and thickness of stratigraphic horizons at pseudo wells in the Amu 
Darya Basin, northern Afghanistan (thickness estimated from Fig. 5.2). 
Suite Index 
Geologic age 
(Ma) 
Pseudo well-1 
(m) 
Pseudo well-2 
(m) 
Pseudo well-3 
(m) 
Quaternary Q 1.8 14.3 10.0 14.3 
Mazar Shrif (N2-Q1) mz 16.4 600.0 0.0 200.0 
Koshtangi N1 ksh 23.8 700.0 0.0 300.0 
Shafa (pg3-N1) sh 33.7 228.6 0.0 228.6 
Taluqan (Pg2-Pg3) tl 39.0 0.0 0.0 0.0 
Turkistan Pg2 tr 44.0 0.0 0.0 0.0 
Alai Pg2 al 49.0 0.0 0.0 0.0 
Suzak Pg2 ss 54.8 114.3 285.7 114.3 
Ghory (K2-pg1) g 70.0 200.0 314.3 285.7 
Turonian-Companian K2 t-cp 93.5 685.7 742.9 514.3 
Cenomanian K2 c 99.0 285.7 97.1 91.4 
Aptian-Albanian k1 ap-al 121.0 571.4 394.3 365.7 
Almurad-Okuzbulak K1 va2-ap1 135.0 228.6 251.4 228.6 
Karabil J3 t - K1 va1 151.0 285.7 0.0 0.0 
Gaurdak J3 km-t 154.0 200.0 114.3 0.0 
Kugitang J2 K- J3 o 164.0 228.6 200.0 171.4 
Baysun J1 - J2 206.0 1542.9 114.3 542.9 
Tables 5.4 - 5.6 show pressure, temperature and porosity data measured at hydrocarbon 
wells in the Amu Darya Basin, northern Afghanistan. 
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Table 5.4 Pressure measured at different depths at hydrocarbon wells in the Amu Darya 
Basin, northern Afghanistan (from: hydrocarbon well reports, maps and field notes). 
No Oil/gas field Well depth (m) Pressure (bar) 
1 Jangal-e-Kalan 4177 347.54 
2 Jangal-e-Kalan 4220 587.69 
3 Jangal-e-Kalan 4300 610.00 
4 Yatimtaq 1155 167.19 
5 Yatimtaq 1200 160.00 
6 Yatimtaq 1294 136.79 
7 Yatimtaq 1500 121.00 
8 Yatimtaq 1599 123.62 
9 Yatimtaq 1640 123.62 
10 Yatimtaq 1710 177.32 
11 Yatimtaq 1760 346.53 
12 Yatimtaq 1850 192.00 
13 Yatimtaq 1890 197.58 
14 Yatimtaq 2267 263.45 
15 Khwaja Gogerdak 1050 138.00 
16 Khwaja Gogerdak 1300 182.00 
17 Khwaja Gogerdak 1400 185.42 
18 Khwaja Gogerdak 1664 249.26 
19 Khwaja Gogerdak 1700 239.00 
20 Khwaja Gogerdak 1720 242.17 
21 Khwaja Gogerdak 1760 81.06 
22 Khwaja Gogerdak 1838 172.25 
23 Khwaja Gogerdak 1880 151.99 
24 Khwaja Gogerdak 2300 254.00 
25 Khwaja Bulan 1200 186.00 
26 Khwaja Bulan 1338 191.50 
27 Khwaja Bulan 1457 182.39 
28 Khwaja Bulan 1536 174.28 
29 Khwaja Bulan 1676 162.12 
30 Khwaja Bulan 1800 175.29 
31 Khwaja Bulan 1880 151.99 
32 Angot 760 72.95 
33 Angot 980 90.18 
34 Angot 1038 129.90 
35 Angot 1050 128.86 
36 Angot 1077 134.79 
37 Angot 1086 133.34 
38 Angot 1104 135.76 
39 Angot 1105 136.38 
40 Angot 1125 140.03 
41 Angot 1133 138.45 
42 Angot 1137 137.07 
43 Angot 1144 138.17 
44 Angot 1160 140.38 
45 Angot 1453 125.81 
46 Angot 1473 176.31 
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Table 5.5 Temperature measured at different depths at hydrocarbon wells in the Amu Darya 
Basin, northern Afghanistan (from: hydrocarbon well reports, maps and field notes). 
No Oil/gas field Well depth (m) Temperature (˚C) 
1 Jangal-e-Kalan 4177 126.0 
2 Jangal-e-Kalan 4220 160.0 
3 Jangal-e-Kalan 4300 160.0 
4 Yatimtaq 1155 64.0 
5 Yatimtaq 1200 65.0 
6 Yatimtaq 1294 105.0 
7 Yatimtaq 1500 77.0 
8 Yatimtaq 1599 71.0 
9 Yatimtaq 1640 71.0 
10 Yatimtaq 1710 52.0 
11 Yatimtaq 1760 54.0 
12 Yatimtaq 1850 85.0 
13 Yatimtaq 1890 61.0 
14 Yatimtaq 2267 68.0 
15 Khwaja Gogerdak 1050 53.0 
16 Khwaja Gogerdak 1300 62.0 
17 Khwaja Gogerdak 1400 63.0 
18 Khwaja Gogerdak 1664 81.0 
19 Khwaja Gogerdak 1700 81.0 
20 Khwaja Gogerdak 1720 81.0 
21 Khwaja Gogerdak 1760 54.0 
22 Khwaja Gogerdak 1803 56.0 
23 Khwaja Gogerdak 1838 56.0 
24 Khwaja Gogerdak 1880 57.0 
25 Khwaja Gogerdak 2300 93.0 
26 Khwaja Bulan 1200 71.0 
27 Khwaja Bulan 1338 71.0 
28 Khwaja Bulan 1457 43.0 
29 Khwaja Bulan 1536 60.0 
30 Khwaja Bulan 1676 62.0 
31 Khwaja Bulan 1800 71.0 
32 Angot 760 47.0 
33 Angot 1038 53.2 
34 Angot 1050 53.7 
35 Angot 1104 55.2 
36 Angot 1105 54.0 
37 Angot 1125 56.0 
38 Angot 1133 55.0 
39 Angot 1137 58.0 
40 Angot 1144 55.0 
41 Angot 1160 57.5 
42 Angot 1453 49.0 
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Table 5.6 Porosity measured at different depths at hydrocarbon wells in the Amu Darya 
Basin, northern Afghanistan (from: hydrocarbon well reports, maps and field notes). 
No Oil/gas field 
Well depth 
(m) 
Porosity 
(frac) 
 
No Oil/gas field 
Well depth 
(m) 
Porosity 
(frac) 
1 Yatimtaq 1599.0 0.150 
 
49 Angot 1097.0 0.069 
2 Yatimtaq 1589.0 0.220 
 
50 Angot 1097.0 0.094 
3 Yatimtaq 1623.0 0.220 
 
51 Angot 1114.0 0.110 
4 Yatimtaq 1640.0 0.220 
 
52 Angot 1114.0 0.140 
5 Yatimtaq 1641.0 0.220 
 
53 Angot 1114.0 0.099 
6 Khwaja Gogerdak 1664.0 0.170 
 
54 Angot 1137.0 0.162 
7 Khwaja Gogerdak 1720.0 0.160 
 
55 Angot 1137.0 0.232 
8 Khwaja Bulan 1187.0 0.150 
 
56 Angot 1356.0 0.107 
9 Khwaja Bulan 1338.0 0.150 
 
57 Angot 1109.4 0.161 
10 Angot 1131.5 0.090 
 
58 Angot 1120.8 0.169 
11 Angot 1137.0 0.116 
 
59 Angot 1125.8 0.159 
12 Angot 1137.0 0.163 
     13 Angot 1288.0 0.193 
     14 Angot 1288.0 0.200 
     15 Angot 1300.0 0.251 
     16 Angot 1092.5 0.143 
     17 Angot 1101.5 0.241 
     18 Angot 1118.0 0.260 
     19 Angot 1118.0 0.201 
     20 Angot 1150.0 0.269 
     21 Angot 1150.0 0.280 
     22 Angot 1150.0 0.287 
     23 Angot 1150.0 0.253 
     24 Angot 1086.0 0.228 
     25 Angot 1093.5 0.191 
     26 Angot 1104.5 0.197 
     27 Angot 1119.8 0.158 
     28 Angot 1127.3 0.158 
     29 Angot 1138.5 0.168 
     30 Angot 1150.1 0.244 
     31 Angot 1168.0 0.223 
     32 Angot 1188.6 0.141 
     33 Angot 1251.0 0.181 
     34 Angot 1087.0 0.180 
     35 Angot 1087.0 0.219 
     36 Angot 1087.0 0.200 
     37 Angot 1105.0 0.233 
     38 Angot 1105.0 0.196 
     39 Angot 1105.0 0.119 
     40 Angot 1115.0 0.177 
     41 Angot 1152.5 0.078 
     42 Angot 1152.5 0.071 
     43 Angot 1152.5 0.303 
     44 Angot 1157.5 0.179 
     45 Angot 1162.5 0.144 
     46 Angot 1167.5 0.235 
     47 Angot 1369.0 0.095 
     48 Angot 1097.0 0.127 
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5. 4 Results 
5. 4. 1 Calibration of burial and thermal histories 
Some of the modeling parameters at the actual wells were calibrated using the measured 
pressure, temperature and porosity data at the actual wells. 
The amount of deposition and erosion at the actual wells were estimated based on the 
geological cross section I-I’ (Fig. 5.2) and the porosity data (Table 5.6). The calibrated 
amount of the deposition and erosion at the actual wells were used to estimate these 
parameters at the pseudo well locations. Measured pressures at different depths in the 
actual wells were used to calibrate the pressure profile. Surface and downhole measured 
temperatures at different depths were used to calibrate heat flow. As discovered 
hydrocarbon fields in the northern Afghanistan are lacking geothermal information, the heat 
flow was assumed to be constant through all the geological ages. The average present and 
paleo surface temperate of 15°C was assumed for constructing the models. 
Table 5.7 summarizes the amount of the estimated erosion and calibrated heat flow at the 
modeled locations. Figs. 5.4 - 5.13 illustrate the results of the calibration demonstrating 
porosity, pressure and temperature profiles and geohistory diagrams in the actual wells. The 
figures showing porosity, pressure and temperature profiles indicate that there is some 
degree of uncertainty in the measured data. The impact of the uncertainty of the measured 
data on the generation and expulsion of hydrocarbon is discussed in the section 5.5.1. 
Table 5.7 Calibrated erosion and heat flow at the actual and pseudo well locations. 
No Modeled location Erosion (m) Calibrated heat flow (HFU) 
1 Jangal-e-Kalan 0 1.50 
2 Yatimtaq 1500 1.70 
3 Khwaja Gogerdak 1500 1.65 
4 Khwaja Bulan 1000 1.70 
5 Angot 800 1.50 
6 Pseudo well-1 0 1.50 
7 Pseudo well-2 500 1.65 
8 Pseudo well-3 0 1.70 
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Fig. 5.4 Porosity, pressure and temperature versus depth in the Jangal-e-Kalan gas field. 
 
Fig. 5.5 Porosity, pressure and temperature versus depth in the Yatimtaq gas field. 
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Fig. 5.6 Porosity, pressure and temperature versus depth in the Khwaja Gogerdak gas field. 
 
Fig. 5.7 Porosity, pressure and temperature versus depth in the Khwaja Bulan gas field. 
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Fig. 5.8 Porosity, pressure and temperature versus depth in the Angot oil field. 
 
Fig. 5.9 Geohistory diagram of the Jangal-e-Kalan gas field. 
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Fig. 5.10 Geohistory diagram of the Yatimtaq gas field. 
 
Fig. 5.11 Geohistory diagram of the Khwaja Gogerdak gas field. 
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Fig. 5.12 Geohistory diagram of the Khwaja Bulan gas field. 
 
Fig. 5.13 Geohistory diagram of the Angot oil field. 
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5. 4. 2 Timing and amount of generation/expulsion at pseudo wells 
The geohistory diagrams of the pseudo wells (Fig. 5.14) suggest that Baysun source rocks at 
two synclines (pseudo well-1 and pseudo well-3) are located at maximum burial depth at 
the present time. On the other hand, the source rocks at the pseudo well-2 were located at 
the maximum burial depth 30 million years ago. The following table lists the current and 
maximum calculated depths of the Baysun source rocks in the pseudo wells. 
Table 5.8 Current and maximum burial depths of the Baysun source rocks in the pseudo 
wells, Amu Darya Basin, northern Afghanistan. 
No Modeled location 
Lower and Middle Jurassic source rocks 
Current depth (m) Maximum depth (m) Age of maximum depth (Ma) 
1 Pseudo well-1 5920 5920 0 
2 Pseudo well-2 2480 2980 30 
3 Pseudo well-3 3058 3058 0 
The thick and heterogeneous Baysun source rocks layer (1543 m) at pseudo well-1 was 
subdivided into Baysun1, Baysun2 and Baysun3. Considering the geological and geochemical 
information of the study area, marine type-II kerogen was assigned to the source rocks 
layers at the pseudo wells excluding Baysun1 and Baysun2 at the pseudo well-1. Kerogen 
type-III and a combination of kerogens type-II and type-III were assigned for the Baysun1 
and Baysun2 source rock layers at the pseudo well-1, respectively. 
The results recommend that Baysun source rocks at the northwest syncline (pseudo well-1) 
has reached the highest degree of maturity compared to the Baysun source rocks in the 
pseudo well-2 and pseudo well-3. The estimated figures show that 19 MMbbl/Km2 and 243 
BCF/Km2 of cumulative oil and gas were expelled from the Baysun source rocks at the 
northwest syncline (pseudo well-1), respectively. The expulsion of oil and gas at this syncline 
(pseudo well-1) started 150 Ma (Late Jurassic) which continued up to 21 Ma (Early Miocene) 
and present time, correspondingly. 
The source rocks at the pseudo well-2 have been characterized with the lowest degree of 
maturity among the source rocks in the three pseudo wells. Therefore, source rocks at this 
syncline (pseudo well-2) have expelled the smallest amount of hydrocarbon among the 
three synclines. The cumulative amount of oil and gas expelled from the Baysun source 
rocks at the pseudo well-2 is estimated to be about 16 MMbbl/Km2 and 7 BCF/Km2, 
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respectively. The expulsion of oil started 69 Ma (Late Cretaceous) and continued till 35 Ma 
(Late Eocene). While, the expulsion of gas started 56 Ma (Late Paleocene) which continued 
till 34 Ma (Late Eocene). 
The cumulative amount of oil expulsion from the Baysun source rocks at the pseudo well-3 
is estimated to be 60 MMbbl/Km2 started 84 Ma (Santonian stage of Late Cretaceous) and 
continue till present-day. The cumulative amount of gas expulsion from the Baysun source 
rocks at the pseudo well-3 is approximated 29 BCF/Km2 which started 81 Ma (Campanian 
stage of Late Cretaceous) and continue till present-day. The cumulative volume and timing 
of hydrocarbon expulsion from the Baysun source rocks at the pseudo wells are summarized 
in Tables 5.9 and 5.10. 
Table 5.9 Volume and timing of cumulative oil expulsion at the pseudo wells. 
No 
Modeled 
location 
Source rock 
Cum. oil exp. 
(MMbbl/Km2) 
Timing of oil expulsion (Ma) 
Start End 
1 Pseudo well-1 
Baysun3 8 91 21 
Baysun2 7 108 82 
Baysun1 4 150 106 
2 Pseudo well-2 Baysun 16 69 35 
3 Pseudo well-3 Baysun 60 84 Continue 
Table 5.10 Volume and timing of cumulative gas expulsion at the pseudo wells. 
No 
Modeled 
location 
Source rock 
Cum. gas exp. 
(BCF/Km2) 
Timing of gas expulsion (Ma) 
Start End 
1 Pseudo well-1 
Baysun3 23 81 Continue 
Baysun2 86 105 Continue 
Baysun1 134 150 Continue 
2 Pseudo well-2 Baysun 7 56 34 
3 Pseudo well-3 Baysun 29 81 Continue 
The geohistory diagrams and the hydrocarbon generation and expulsion charts of the source 
rocks in the pseudo wells are shown in Figs. 5.14 - 5.17. 
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Fig. 5.14 Geohistory diagrams of the pseudo wells. Pseudo well-1 (a), pseudo well-2 (b) and 
pseudo well-3 (c). 
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Fig. 5.15 Hydrocarbon generation and expulsion charts of pseudo well-1. 
 
(Kerogen type III)
(Kerogen type II/III)
(Kerogen type II)
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Fig. 5.16 Hydrocarbon generation and expulsion charts of pseudo well-2. 
(Kerogen type II)
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Fig. 5.17 Hydrocarbon generation and expulsion charts of pseudo well-3. 
5. 5 Discussion 
This section provides information about the sensitivity study conducted to assess the effects 
of the uncertainty in the data on the modeling results. It addition, it discusses the kitchen 
area for the modelled hydrocarbon fields in the Amu Darya Basin, northern Afghanistan. 
5. 5. 1 Uncertainty in the input parameters and their sensitivity to the modeling results 
The effects of low and high pressure and temperature of the input data were investigated 
on the modeling results. 
The modeling results suggest that the cumulative volume of hydrocarbon generation and 
expulsion is affected due to variation of pressure in the range of the input data. The 
sensitivity of the modeling results considering low and high pressure gradients were 
observed in the pseudo well-1 location. The pressure gradient in the pseudo well-1 location 
(Kerogen type II)
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was calibrated using the measured pressure data in the Khwaja Gogerdak gas field (Fig. 
5.18). 
 
Fig. 5.18 Low (a) and high (b) pressure profiles in the Khwaja Gogerdak gas field. 
The following figure illustrates the cumulative volume and timing of hydrocarbon generation 
and expulsion at the pseudo well-1 considering low and high pressure gradients. 
a b
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Fig. 5.19 Cumulative volume and timing of hydrocarbon generation and expulsion at the 
pseudo well-1. Low (a) and high (b) pressure gradients. 
a
a
a
a
b
b
b
b
(Kerogen type III)
(Kerogen type II/III)
(Kerogen type II)
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The hydrocarbon generation and expulsion graphs show that there are small differences in 
the cumulative volume of oil generation and expulsion. On the other hand, considerable 
differences can be observed in the cumulative volume of gas. It was also revealed that there 
are no significant differences in the timing of hydrocarbon generation and expulsion 
considering low and high pressure gradients. 
The sensitivity study suggests that the modeling results are significantly affected due to 
variation of temperature in the range of the input data. The low and high heat flow at the 
pseudo well-1 location was calibrated based on the measured temperature data in the 
Khwaja Gogerdak gas field. The heat flow values of 1.5 and 1.65 mcal/s.cm.°C (HFU) were 
used to calibrate the low and high temperature gradients, respectively.  
The following figure illustrates the low and high temperature gradients in the Khwaja 
Gogerdak gas field. 
 
Fig. 5.20 Low (a) and high (b) temperature profiles in the Khwaja Gogerdak gas field. 
The cumulative volume and timing of hydrocarbon generation and expulsion at the pseudo 
well-1 considering low and high temperature gradients are shown in the following figure. 
a b
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Fig. 5.21 Cumulative volume and timing of hydrocarbon generation and expulsion at the 
pseudo well-1. Low (a) and high (b) temperature gradients. 
a
a
a
a
b
b
b
b
(Kerogen type III)
(Kerogen type II/III)
(Kerogen type II)
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It was observed that heat flow play important role in the maturity of source rocks. The 
volume and timing of hydrocarbon generation and expulsion is considerably affected with 
changing heat flow units. The heat flow values in the modeled hydrocarbon fields ranges 
from 1.5 to 1.7 HFU. The heat flow values for the pseudo wells were selected based on the 
nearby hydrocarbon fields. The uncertainty in assigning heat flow values have to be 
considered even though the most likely heat flow values were selected for the pseudo wells. 
The timing of hydrocarbon generation and expulsion can also be affected by the temporal 
change in the heat flow. The rifting of the Amu Darya Basin in the Jurassic period suggests 
higher heat flow in the past which can accelerate the maturity of the source rocks. This can 
result earlier generation and expulsion of hydrocarbon. On the other hand, it is reported 
that the impact of higher paleo heat flow is decreased exponentially from Jurassic to recent 
time which minimize its impact on the generation and expulsion of hydrocarbon in the 
recent time (i. e. Neogene time) (McKenzie, 1978). 
5. 5. 2 Kitchen areas for existing hydrocarbon fields 
This section discusses the kitchen areas for the modeled hydrocarbon fields in the Amu 
Darya Basin, northern Afghanistan. 
The modeling results of the current study were used to prepare the Jurassic-Cretaceous 
petroleum system events chart for the Afghan side of the Amu Darya Basin. Petroleum 
source rocks, reservoir rocks, seals and overburden rocks were identified based on Ulmishek 
(2004). The timing of the trap formation was estimated using the cross section I-I’ (Fig. 5.2) 
and geological information of the study area. The cross section I-I’ illustrates that the 
thickness of the Jurassic to Paleogene formations does not change at the anticlines in the 
modeled hydrocarbon fields. It suggests that those anticlines were formed after the 
deposition of the Paleogene (i. e. Neogene time). The timing of hydrocarbon expulsion in 
the synclines (pseudo wells) was approximated utilizing the results of the current study. The 
following figure demonstrates the Jurassic-Cretaceous petroleum system events chart in the 
Amu Darya Basin, northern Afghanistan. The uncertainty in the timing of hydrocarbon 
expulsion due to low and high heat flow is illustrated with light colors. 
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Fig. 5.22 Jurassic-Cretaceous petroleum system events chart of the Amu Darya Basin, 
northern Afghanistan. 
The 1D basin modeling in the Afghan side of the Amu Darya Basin shows that the maturity 
of source rocks varies in different parts of the basin. The geohistory diagrams of the pseudo 
wells (Fig. 5.14) show that Baysun1 source rocks at the pseudo well-1 is overmaure which is 
currently located at 5920 to 5360 meters below earth surface. Baysun2 and Baysun3 source 
rocks at the pseudo well-1 are highly mature which are currently in late oil and gas 
generation window. These source rock layers (Baysun2 and Baysun3) are presently located 
at 5360 to 4360 meters depth. The events chart (Fig. 5.22) shows that oil expulsion from the 
Baysun source rocks at the pseudo well-1 location stopped in the early Miocene (timing of 
trap formation). Therefore, due to absence of trap the oil expelled before Miocene may not 
be accumulated. On the contrary, the expulsion of gas from the Baysun source rocks at the 
pseudo well-1 location still continues. The generation of gas could have been enhanced due 
to presence of type-III kerogen in this syncline (Fig. 5.15). The modeling results and the 
presence of discovered gas fields in the vicinity of the northwest syncline (pseudo well-1) 
suggest that this syncline is the source of the nearby gas fields. 
The Baysun source rocks at the pseudo well-2 are presently located at 2480 to 2380 meters 
depth. The source rocks at this syncline are currently in late oil generation window. The 
geohistory diagram of the pseudo well-2 (Fig. 5.14) shows that the Baysun source rocks at 
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this location have uplifted in the Paleogene time. Furthermore, the expulsion of 
hydrocarbon at this syncline has stopped before Neogene time. Considering these 
arguments, it is suggested that the expelled hydrocarbons at this location may not be 
accumulated. 
The Baysun source rocks at the southeast syncline (pseudo well-3) are currently located at 
3058 to 2500 meters depth. The source rocks at this syncline are now at peak to late oil 
generation window. The modeling results and the presence of the Angot oil field in the 
neighboring of the pseudo well-3 suggest that this syncline is highly likely to be the source of 
the Angot oil field. The chemical characterization of the Angot oil field (Chapter 4) suggests 
Jurassic carbonate rocks as the source of the Angot oil field. While, the generalized cross 
section I-I’ (Fig. 5.2) does not show any carbonate layer at the pseudo well-3 location. Small 
scale variation and presence of carbonate layer at the pseudo well-3 location can be 
investigated by 3D seismic, drilling wells and preparing detailed stratigraphic column. 
5. 6 Conclusions 
The BSS-Python basin modeling software was used to conduct the one-dimensional basin 
modeling study in the Amu Darya Basin, northern Afghanistan. The burial and thermal 
histories of the study area were reconstructed. The main objectives of the study were to 
assess the maturity of the Lower and Middle Jurassic source rocks in different parts of the 
study area and estimate the volume and the timing of hydrocarbon generation and 
expulsion from the source rocks in the Amu Darya Basin, northern Afghanistan. The 1D 
models were constructed for a total of eight wells including five actual wells and three 
pseudo wells located along the cross section I-I’ (Fig. 5.2). 
The 1D basin modeling study revealed that the maturity of the Lower and Middle Jurassic 
source rocks is different in various parts of the Afghan side of the Amu Darya Basin. The 
source rocks at the northwest syncline (pseudo well-1) has highest degree of maturity 
among the source rocks in the three pseudo well locations. The source rocks in this location 
(pseudo well-1) have reached gas generation window in Cretaceous time. In addition, 
discovered gas fields are located in the neighbouring of the pseudo well-1. Considering 
these arguments, it is suggested that this syncline (pseudo well-1) is more likely the source 
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of the gas fields located in the study area. On the contrary, the southeast syncline (pseudo 
well-3) is currently in the peak to late oil generation window. The modeling results and the 
presence of the Angot oil field in the vicinity of this syncline suggest that this syncline is the 
source of the Angot oil field. The source rocks at the pseudo well-2 is now in late oil window. 
The simulation results show that source rocks in this location were uplifted in the Paleogene 
time prior to the trap formation (Miocene). Considering these evidence, it can be suggested 
that hydrocarbons expelled from the source rocks in this syncline were not accumulated. 
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Chapter 6 Pseudo two-dimensional modeling 
6. 1 Introduction 
This chapter provides information about the pseudo two-dimensional modeling conducted 
along cross section I-I’ (Fig. 6.4) in the Afghan side of the Amu Darya Basin. The pseudo 2D 
modeling is the extension of the 1D basin modeling described in the previous chapter 
(chapter 5). It combines multiple 1D modeling results along the cross section to construct 
the paleo-sections of different geological times, and hence burial and thermal history across 
the section. 
The main objective of the study was to discuss hydrocarbon migration from the source rocks 
to reservoir rocks. Although pseudo 2D modeling does not simulate migration itself, it still 
provides valuable insight into migration by visualizing spatial and temporal relationship 
between matured kitchen areas and traps, especially where the data are too limited to run 
2D/3D simulations. It was expected to better understand the migration to known 
hydrocarbon fields and identify areas for further exploration activities in the Amu Darya 
Basin, northern Afghanistan. 
A total of 20 pseudo wells were place at regular intervals along the cross section I-I’ (Fig. 6.4), 
including 5 actual and 3 pseudo wells utilized in the 1D modeling study described in the 
previous chapter. The depths of individual formations were extracted at four different 
geological ages: end of Jurassic (144 Ma), end of Cretaceous (65 Ma), end of Paleogene 
(23.8 Ma) and present-day. After constructing the paleo-cross sections for different 
geological ages, the geohistory diagrams at the modeled locations (Figs. 5.9 - 5.14) and 
timing charts of hydrocarbon generation and expulsion at the pseudo wells (Figs. 5.15 - 
5.17) were used to determine the top oil, top gas and bottom gas windows. The oil/gas 
windows were specified based on the vitrinite reflectance values in the geohistory diagrams 
at the modeled wells. The vitrinite reflectance values of 0.7, 1.0 and 2.0 were selected as 
top oil, top gas and bottom gas window, respectively. 
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6. 2 Results and discussion 
This section includes the cross sections of the sediments in different geological ages in the 
Amu Darya Basin, northern Afghanistan. It discusses the maturity and hydrocarbon 
generation potential of source rocks, and presence of traps at the previous geological ages 
in the study area. 
The following figure illustrates the geological cross section of the sediments at the end of 
Jurassic in the Amu Darya Basin, northern Afghanistan. 
 
Fig. 6.1 Reconstructed cross section of sediments at the end of Jurassic in the Amu Darya 
Basin, northern Afghanistan (constructed based on Fig. 6.4). 
Fig. 6.1 illustrates the immature stage of the Lower and Middle Jurassic source rocks at the 
end of Jurassic. The shallow burial depth of the source rocks constrained their capability to 
generate hydrocarbons. The presence of carbonate trap can be recognized at the pseudo 
well-1 location. But, there is no sediments with mature source rocks (below top oil window) 
to generate oil. 
The following figure illustrates the geological cross section of the sediments at the end of 
Cretaceous in the Amu Darya Basin, northern Afghanistan. 
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Fig. 6.2 Reconstructed cross section of sediments at the end of Cretaceous in the Amu Darya 
Basin, northern Afghanistan (constructed based on Fig. 6.4). 
Fig. 6.2 shows that the Lower and Middle Jurassic source rocks at the end of Cretaceous 
were mature which can generate hydrocarbons. Source rocks at all the modeled locations 
except the Khwaja Bulan and Angot were in oil window. In addition, the source rocks were 
already in gas window around the Jangal-e-Kalan and pseudo well-1 locations. Fig. 6.2 also 
shows that there are no traps in the study area except a carbonate trap at the pseudo well-1 
location. 
The following figure illustrates the geological cross section of the sediments at the end of 
Paleogene in the Amu Darya Basin, northern Afghanistan. 
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Fig. 6.3 Reconstructed cross section of sediments at the end of Paleogene in the Amu Darya 
Basin, northern Afghanistan (constructed based on Fig. 6.4). 
The sediments at the end of Paleogene had reached high maturity. The cross section (Fig. 
6.3) shows that source rocks at all the modeled locations except the Angot were in oil 
window. In addition, gas window can be widely recognized in most of the modeled locations. 
Similar to the previous cross section (Fig. 6.2), no traps except the carbonate trap at the 
pseudo well-1 location can be observed. As the source rocks in most modeled locations 
were already in oil/gas generation stage, hydrocarbons might have been mainly generated 
during the Cretaceous. However, the generated hydrocarbons were not accumulated due to 
the absence of traps except at the pseudo well-1 location. 
The following figure illustrates the geological cross section of sediments at present-day in 
the Amu Darya Basin, northern Afghanistan. 
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Fig. 6.4 Cross section of sediments at present-day in the Amu Darya Basin, northern 
Afghanistan (after Klett et al., 2006b). 
Unlike the previous cross section (i. e. end of Paleogene), the cross section of sediments at 
present-day (Fig. 6.4) shows a large number of hydrocarbon traps. The comparison of the 
cross sections at different geological ages confirms the geological information that most of 
the traps in the northern Afghanistan were formed due to tectonic activities in the Neogene 
time. 
The cross section (Fig. 6.4) demonstrates that the Lower and Middle Jurassic source rocks in 
the modeled locations are at oil and gas generation stage. Fig. 6.4 also shows that the lower 
part of the Lower and Middle Jurassic source rocks in the Jangal-e-Kalan and pseudo well-1 
locations have already been overmature located below the bottom gas window. While, the 
upper part of those source rocks at these locations (Jangal-e-Kalan and pseudo well-1) are 
still in gas window. The carbonate trap at the pseudo well-1 location covered by thick salt as 
a seal makes this location a promising place for conducting further hydrocarbon exploration 
activities. 
The cross section (Fig. 6.4) shows that the salt layer above the Lower and Middle Jurassic 
source rocks is absent at the pseudo well-3 location. In addition, the timing chart showing 
hydrocarbon expulsion at the pseudo well-3 location (Fig. 5.17) illustrates that the expulsion 
of oil with relatively small amount of gas still continue at this location (pseudo well-3). 
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Therefore, it can be concluded that the oil has migrated from the source rocks at this 
syncline (pseudo well-3) to the Angot oil field. In addition, if the fault at the northwest side 
of the pseudo well-3 is a sealing fault, it suggests that the oil/gas may have been migrated 
from the source rocks to the Cretaceous fault traps in the northwest side of this syncline 
(pseudo well-3). 
6. 3 Conclusions 
The pseudo 2D modeling visually demonstrates the deposition of sediments, trap formation 
and maturity of the Lower and Middle Jurassic source rocks in different geological ages in 
the Amu Darya Basin, northern Afghanistan. The paleo-sections of the study area confirmed 
that most of the traps were formed due to tectonic activities in the post-Paleogene time.  
The cross section of the sediments in the present-day and the timing chart of hydrocarbon 
generation and expulsion at the pseudo well-1 suggest that source rocks at the northwest 
syncline (pseudo well-1) is expelling gas in the present-time. Therefore, it suggests that 
hydrocarbon reservoirs overlain by the salt layer in the Jangal-e-Kalan, Yatimtaq and Khwaja 
Gogerdak gas fields were charged from this syncline (pseudo well-1). While, enough 
evidence is not available to estimate the source of the gas reservoirs located above the salt 
layer in the Yatimtaq and Khwaja Gogerdak gas fields. The results also suggest that the 
source rocks at the southeast syncline (pseudo well-3) have charged the Angot oil field. In 
addition, the pseudo 2D modeling proposes that the source rocks at the syncline located at 
the southeast side of the Khwaja Bulan gas field and the northwest side of a fault is 
currently at gas generation stage. Therefore, this syncline may have charged the Khwaja 
Bulan gas field. 
Considering the aforementioned arguments, the Jurassic carbonate trap at the pseudo well-
1 location and the Cretaceous fault trap at the northwest side of the pseudo well-3 are 
suggested for further exploration activities in the area. 
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Chapter 7 Summary and recommendations 
7. 1 Summary 
This chapter provides information about the principal achievements of the research that 
was carried out in the Amu Darya Basin, northern Afghanistan. It summarizes the major 
findings obtained from the chemical analyses of the oil samples collected from the Angot 
and Kashkari oil fields, the one-dimensional basin modeling and the pseudo 2D modeling 
studies. In addition, it lists some recommendations for further research in the Amu Darya 
Basin, northern Afghanistan. 
The oil samples collected from the Angot and Kashkari oil fields located in the northern 
Afghanistan were analysed using a range of different geochemical analytical methods. The 
experiments were mainly focused to determine the origin of the oils and the depositional 
environment of the source rocks in the Amu Darya Basin, northern Afghanistan. The physical 
properties of the analysed oils suggest the presence of medium to heavy oils with the 
hydrocarbon base between paraffin and naphthene. The results obtained from the analysis 
of the oil samples propose that the oils were generated from marine organic matter 
deposited in reducing environment. In addition, it was found that the oils were derived from 
type-II kerogen which is oil and gas prone. The evidence suggests that the oils in the Afghan 
side of the Amu Darya Basin were generated in the early oil generation stage. The results 
also show that the oils are not biodegraded. Furthermore, it was found that the oils were 
generated from Jurassic carbonate source rocks. 
Geological and hydrocarbon production data of the discovered hydrocarbon fields in the 
northern Afghanistan was used to conduct the one-dimensional basin modeling study in the 
Amu Darya Basin, northern Afghanistan. A total of eight wells including five actual wells and 
three pseudo wells were modeled. The main objectives of the study were to evaluate the 
maturity of the Lower and Middle Jurassic source rocks and estimate the volume and timing 
of hydrocarbon generation and expulsion in different parts of the study area. 
The one-dimensional modeling study suggests the presence of the Lower and Middle 
Jurassic source rocks with different maturities in various parts of the Amu Darya Basin, 
northern Afghanistan. It was found that the source rocks in the northwest syncline (pseudo 
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well-1) have reached gas window in the Cretaceous time which is still generating gas. The 
modeling results recommend this syncline as source of the gas fields located in the 
neighboring of the pseudo well-1. On the other hand, the source rocks in the southeast 
syncline (pseudo well-3) are at peak to late oil window at the present time. The modeling 
results and the presence of the Angot oil field near this syncline (pseudo well-3) suggest that 
this syncline is source of the Angot oil field. The source rocks at the pseudo well-2 location 
are currently in late oil window. The source rocks at this syncline (pseudo well-2) have 
undergone uplifting since Paleogene. Therefore, the expelled hydrocarbon may not be 
accumulated. 
The one-dimensional basin modeling was followed by a pseudo 2D modeling. The pseudo 
2D modeling was carried out to construct paleo-sections of the study area in different 
geological ages. The core objective of the study was to understand migration of 
hydrocarbons from the Lower and Middle Jurassic source rocks to reservoir rocks. The cross 
sections of the previous geological ages illustrate that most of the traps in the Afghan Amu 
Darya Basin were formed as a result of tectonic activities in the post-Paleogene time. In 
addition, the study demonstrates that the northwest syncline (pseudo well-1) is now in gas 
generation stage. Therefore, it suggests that the Jangal-e-Kalan, Yatimtaq and Khwaja 
Gogerdak gas fields were charged from this syncline (pseudo well-1). In addition, the study 
proposes the southeast syncline (pseudo well-3) as the source of the Angot oil field. 
Considering the main outcomes of the pseudo 2D modeling, carbonate trap in the pseudo 
well-1 location and Cretaceous fault trap at the northwest side of the pseudo well-3 are 
suggested for further detailed exploration activities in the Amu Darya Basin, northern 
Afghanistan. 
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7. 2 Recommendations 
The principle outcomes of this study provide essential information about the geochemical 
characteristics of hydrocarbon and Jurassic-Cretaceous petroleum system of the Amu Darya 
Basin, northern Afghanistan.  The following recommendations are suggested for conducting 
further research in the area. It can play important role to thoroughly understand petroleum 
system and discover new hydrocarbon fields in the northern Afghanistan. 
 Collecting oil and gas samples from different hydrocarbon fields in the Amu Darya 
Basin, northern Afghanistan. It can help geochemically characterize hydrocarbon 
and source rocks in various parts of the basin. 
 Considering the prominent impact of temperature variation on the timing and 
volume of hydrocarbon generation and explosion. It is suggested to carry out 
detailed temperature survey and conduct one-dimensional basin modeling study in 
different parts of the Amu Darya Basin, northern Afghanistan. 
 Extend the pseudo 2D modeling to numerical 2D/3D modeling. It will simulate 
hydrocarbon migration from source rocks to reservoir rocks and specify areas for 
detailed hydrocarbon exploration activities including intrusive investigations in the 
northern Afghanistan. 
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Appendix B: BSS default and specified parameters used by the BSS basin modeling 
software for constructing the 1D models. 
The following table includes the rock properties used for constructing the 1D models. 
Initial porosity, compaction factor and matrix thermal conductivity was specified based 
on Hantschel and Kauerauf (2009). While, the values of grain size, tortuosity, smectite 
volume, Poison ratio and irreducible Sw are BSS default values. 
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Table B. 1 Rock properties (BSS default values and Hantschel and Kauerauf, 2009). 
No Lithology 
Initial porosity 
(frac) 
Compaction factor 
(1/m) 
Matrix thermal conductivity 
(mcal/cm*sec*C°) 
Grain size 
(ᵩ) 
Tortuosity 
(frac) 
Smectite volume 
(frac) 
Poisson ratio 
(frac) 
Irreducible Sw 
(frac) 
1 Conglomerate 0.30 0.00030 5.49 
     2 Sandstone 0.45 0.00027 9.00 2 1.2 0.5 0.2 0.2 
3 Siltstone 0.55 0.00051 4.90 
     4 Shale 0.60 0.00051 5.00 9 5 0.5 0.4 0.7 
5 Marl 0.50 0.00050 4.78 
     6 Limestone, micrite 0.51 0.00052 7.17 
     7 Limestone, grainst 0.35 0.00001 7.17 
     8 Limestone, chalk 0.70 0.00090 6.93 
     9 Dolomite 0.35 0.00039 10.03 
     10 Anhydrite 0.01 0.00001 15.05 
     11 Gypsum 0.01 0.00001 3.58 
     12 Salt 0.01 0.00001 15.53 
     13 Coal 0.76 0.00043 0.72 
     14 Tuff, felsic 0.60 0.00035 6.21 
     15 Tuff, basaltic 0.60 0.00035 4.54 
     16 Basalt 0.01 0.00001 4.30 
     17 Granite 0.01 0.00001 6.21           
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Tables B.2 to B.9 show Kerogen kinetic parameters and Table B.10 shows densities of rock and fluids. 
Table B. 2 Kinetic parameters for primary cracking (oil) (Pepper and Corvi, 1995). 
No Kerogen name 
Minimum Ea 
(kcal/mol) 
Gaussian Mean Ea 
(kcal/mol) 
Gaussian sigma 
(kcal/mol) 
Initial potential 
(mgHC/gTOC) 
Arrhenius constant 
(1/my) 
1 Pepper organofacies A 40 49.3 1.96 700 6.72E+26 
2 Pepper organofacies B 40 51.4 1.98 500 2.57E+27 
3 Pepper organofacies DE 40 54.5 1.89 300 1.57E+28 
* Ea: Activation energy 
   Sigma: Standard deviation 
Table B. 3 Kinetic parameters for primary cracking (gas) (Pepper and Corvi, 1995). 
No Kerogen name 
Minimum Ea 
(kcal/mol) 
Gaussian Mean Ea 
(kcal/mol) 
Arrhenius constant 
(1/my) 
1 Pepper organofacies A 40 50 6.72E+26 
2 Pepper organofacies B 40 54 2.57E+27 
3 Pepper organofacies DE 40 51 1.57E+28 
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Table B. 4 Kerogen defaults. Kerogen name: Type-I (GRS), HI (org) = 862.4 (Green River 
Shale, Tissot et al., 1987). 
Kerogen        gas 
  
No 
Activation Energy 
(kcal/mol) 
Genetic potential 
(mgHC/gTOC) 
Arrhenius const. 
(1/my) 
1 63 0 3.156E+28 
Table B. 5 Kerogen defaults. Kerogen name: Type-I (GRS), HI (org) = 862.4 (Green River 
Shale, Tissot et al., 1987). 
Kerogen        oil 
  
No 
Activation energy 
(kcal/mol) 
Genetic potential 
(mgHC/gTOC) 
Arrhenius const. 
(1/my) 
1 52 16.6 3.156E+28 
2 54 22.3 3.156E+28 
3 56 803.6 3.156E+28 
4 58 8.5 3.156E+28 
5 60 11.4 3.156E+28 
Table B. 6 Kerogen defaults. Kerogen name: Type-II (Bakken), HI (org) = 439 (Bakken 
Shale, Tegelaar and Noble, 1994). 
Kerogen        gas 
  
No 
Activation energy 
(kcal/mol) 
Genetic potential 
(mgHC/gTOC) 
Arrhenius const. 
(1/my) 
1 57 0 5.61E+27 
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Table B. 7 Kerogen defaults. Kerogen name: Type-II (Bakken), HI (org) = 439 (Bakken 
Shale, Tegelaar and Noble, 1994). 
Kerogen        oil 
  
No 
Activation energy 
(kcal/mol) 
Genetic potential 
(mgHC/gTOC) 
Arrhenius const. 
(1/my) 
1 48 2.1 5.61E+27 
2 49 2.2 5.61E+27 
3 51 22 5.61E+27 
4 52 22 5.61E+27 
5 53 147.1 5.61E+27 
6 54 129.5 5.61E+27 
7 55 52.7 5.61E+27 
8 56 39.5 5.61E+27 
9 57 13.1 5.61E+27 
10 60 8.8 5.61E+27 
Table B. 8 Kerogen defaults. Kerogen name: Type-II (Siliceous), HI (org) = 450 
(Onnagawa Shale, Suzuki 1998). 
Kerogen        gas 
  
No 
Activation energy 
(kcal/mol) 
Genetic potential 
(mgHC/gTOC) 
Arrhenius const. 
(1/my) 
1 49 0 3.156E+26 
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Table B. 9 Kerogen defaults. Kerogen name: Type-II (Siliceous), HI (org) = 450 
(Onnagawa Shale, Suzuki 1998). 
Kerogen        oil 
  
No 
Activation energy 
(kcal/mol) 
Genetic potential 
(mgHC/gTOC) 
Arrhenius const. 
(1/my) 
1 39 2.3 3.156E+26 
2 40 4.5 3.156E+26 
3 41 15.7 3.156E+26 
4 42 20.3 3.156E+26 
5 43 38.3 3.156E+26 
6 44 42.7 3.156E+26 
7 45 76.5 3.156E+26 
8 46 105.7 3.156E+26 
9 47 65.3 3.156E+26 
10 48 42.7 3.156E+26 
11 49 24.7 3.156E+26 
12 50 9.0 3.156E+26 
13 51 2.3 3.156E+26 
Table B. 10 Densities of rock and fluids (BSS default values). 
No Properties Density 
1 Matrix (g/cm3) 2.65 
2 Kerogen (g/cm3) 1.20 
3 Formation water (g/cc) 1.01 
4 Lattice water (g/cc) 1.20 
5 Oil (g/cc) 0.80 
6 Gas specific gravity (Air=1) (frac) 0.70 
 
